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Zusammenfassung
Seit der Erfindung der ersten Leuchtdiode (LED) Ende der 1960-er [1, 2], schritt die
technologische Entwicklung der Halbleiter-basierten Optoelektronik im Laufe der letz-
ten fünfzig Jahre rapide voran. In der heutigen Zeit werden daher fast alle Aspekte der
Lichterzeugung, -Kontrolle und -Detektion durch Halbleiterbauelemente abgedeckt, da
sie eine einzigartige Kombination aus Flexibilität, preiswerter Herstellung und kompak-
ter Bauweise bieten. Seit Jahren werden halbleiterbasierte Lichtquellen und Strahlungs-
detektoren von Seiten der Industrie erfolgreich in der Materialbearbeitung und Qualität-
skontrolle eingesetzt [3]. Zudem profitieren auch wissenschaftliche Anwendungen von
der hohen Durchstimmbarkeit und Ausgangsleistung von Halbleiter-Laserdioden sowie
von der Empfindlichkeit von Detektoren über einem breiten spektralen Bereich zwischen
dem Ultravioletten (UV) und dem Infraroten (IR) [4].
Auch in unserem Alltag sind wir ständig von halbleiterbasierter Technologie umgeben.
Diese ist zwar oft subtil integriert und daher auf den ersten Blick kaum bemerkbar, sie
bildet jedoch meistens das Herzstück der jeweiligen Anwendung. Prominentestes Beispiel
ist sicherlich der CD-Player, der die Vorgängertonträger quasi restlos verdrängt hat. Zusät-
zlich ermöglichen kompakte Halbleiterlaser den Übertrag von Informationen innerhalb
weniger Augenblicke über den gesamten Globus [5], LED-Bildschirme hoher Brillianz
sorgen für ein intensives und realitätsnahes Kinoerlebnis [6] und kaum ein Photograph
verlässt sich nicht auf hoch-empfindliche Silizium-Detektoren, die sogenannten charge-
coupled devices (CCDs) [7], die in fast jeder modernen Kamera integriert sind. Die En-
twicklung der CCD wurde im Jahre 2009 sogar mit dem Nobelpreis gewürdigt [8].
Allerdings ist die Erfolgsgeschichte der Halbleitertechnologie damit noch lange nicht
vorbei. Aufgrund des stets wachsenden Bedarfes nach energiesparender Beleuchtung,
schneller optischer Telekommunikation oder vielseitiger Laserquellen für das wachsende
Feld der Biophotonik sowie für die medizinische Anwendungen werden weitere technol-
ogische Entwicklungen antizipiert und sogar gefordert. Ziele der Forschung sind u.A. die
Entwicklung kompakter, intensiver und verstimmbarer Laser für die NIR und UV Spek-
tralbereiche, effizienter LEDs für die Abdeckung des gesamten sichtbaren Spektrums,
transparenter Optoelekronik und Lichtemitter auf der Nanometerskala. Zur Bewältigung
dieser und vieler weiterer Herausforderungen sind mehrere Schritte notwendig. Als er-
stes, bleibt das Verständnis und die korrekte Beschreibung grundlegender physikalischer
i
Phänomene in Halbleitern für die Realisierung von optischen Bauelementen unerlässlich.
Weiterhin ist die Synthese und Charakterisierung neuartiger Materialsysteme für die an-
visierten Anwendungen von der zentralen Bedeutung. Schließlich werden auf dieser Ba-
sis die eigentlichen Halbleiterbauelemente entwickelt und systematisch optimiert, um das
volle Potenzial der Technologie auszuschöpfen sowie ihre fundamentalen Grenzen zu er-
schließen.
In dieser Arbeit habe ich mich daher mit experimentellen Studien aus drei übergeord-
neten Bereiche beschäftigt: (1) Untersuchung grundlegender physikalischer Vorgänge,
(2) Charakterisierung neuartiger Materialien und (3) Optimierung von Halbleiterlasern.
Es versteht sich von selbst, dass nur Teile dieser umfangreichen wissenschaftlichen Gebi-
ete bearbeitet wurden. Für die Bewältigung der Fragestellungen wurde in allen drei Fällen
die experimentelle Methode der Photolumineszenz (PL)-Spektroskopie gewählt [9]. Diese
Technik basiert auf der Detektion von Lichtemission optisch angeregter Halbleiter. Die
angewandte Methode beinhaltet weiterhin spektral-, zeitlich, und orts-aufgelöste Unter-
suchungen und bietet somit einen flexiblen, vor allem aber einen zerstörungsfreien Zu-
gang zu den optischen Eigenschaften verschiedener Materialsysteme.
Die einzelnen Abschnitte der Arbeit sind wie folgt gegliedert. In dem nachfolgenden
Kapitel 2 werden die für die spätere Diskussion relevante PL Eigenschaften von Halblei-
tern zusammengefasst. Der erste Teil behandelt intrinsische Prozesse in einem idealen di-
rekten Halbleiter inklusive einer kurzen Einführung in die zugrundeliegende Theorie und
einer Übersicht der Resultate eines repräsentativen PL Experimentes. In dem zweiten Teil
wird die Rolle von Gitterschwingungen, der Einfluss interner elektrischer Felder und der
dielektrischen Umgebung sowie die Lumineszenz indirekter Halbleiter diskutiert. Das
Kapitel endet mit der Beschreibung extrinsischer PL Eigenschaften wie Defekte und Un-
ordnung in realen Materialien.
Die experimentelle Durchführung spektroskopischer Untersuchungen wird in dem Kapi-
tel 3 dargestellt. Der experimentelle Aufbau für zeitaufgelöste PL wird im Detail erk-
lärt, wobei auf die Beschreibung des verwendeten Lasersystems, der Anordnung für Fre-
quenzmischung und die Funktionsweise einer ultra-schnellen Schmierbildkamera beson-
deren Wert gelegt wird. Abschließend folgt die Darstellung unterstützender Experimente
wie zeitintegrierte PL und lineare Absorption.
In dem Kapitel 4 wird die Wechselwirkung der Ladungsträgern mit den Gitterschwingun-
gen (Phononen) in CdS, CdSe, ZnS und ZnO Volumenmaterial untersucht, welche für das
Verständnis der Ladungsträgerdynamik sowie für den Wärmetransport relevant ist. Die
experimentellen Studien befassen sich mit den Vielteilcheneffekten in phonon-unterstütz-
ter Emission unter der Anwesenheit der Elektron-Elektron Coulomb-Streuung [10]. Der
entsprechende theoretische Hintergrund wird in Detail in Kapitel 2 diskutiert. Die Unter-
suchungen widmen sich den Fragestellungen nach dem möglichen Beitrag von Elektron-
Loch Plasma zu der Licht-Materie Kopplung an den exzitonischen Übergängen und dem
Einfluss der Coulomb-Korrelationen auf die Ladungsträger-Phonon Streuung. Der er-
ste Teil dieser Studien liefert einen klaren experimentellen Nachweis für die phonon-
assistierte Lumineszenz von Plasma, womit die theoretischen Vorhersagen [11] bestätigt
werden. Die exzitonische PL an den entsprechenden Phonon-Übergängen kann damit
nicht als Zeichen exzitonischer Besetzung verstanden werden, womit die traditionelle In-
terpretation der sogenannten Phonon-Seitenbanden korrigiert und erweitert wird. Ferner
wird es gezeigt, dass die relativen Beitrage der Exzitonen und Plasma durch die Wahl
experimenteller Bedingungen deutlich beeinflusst werden. In dem zweiten Teil des Kapi-
tels wird der Einfluss der Coulomb-Wechselwirkung auf die Stärke der inelastischen
Streuung zwischen den Ladungsträgern und Phononen untersucht und mit den Ergeb-
nissen der mikroskopischer Theorie [11] verglichen. Im Rahmen dieser Studien wird
gezeigt, dass die Fröhlich-Kopplung im Falle von Exzitonen ineffektiv wird und die
Deformationspotential-Streuung sogar in stark polaren Materialien wie ZnO dominieren
kann. Interessanterweise ist dies der Fall, obwohl in allen untersuchten Systemen die
Wechselwirkung einzelner Ladungsträger mit den Phononen durch die Fröhlich-Kopplung
bestimmt wird.
In dem Kapitel 5 werden zeitaufgelöste PL Experimente an neuartigen Materialsyste-
men, wie ZnO/(ZnMg)O Heterostrukturen, Ga(AsBi) Quantenfilme und GaN Quanten-
drähte, diskutiert. Sowohl das ZnO/(ZnMg)O System als auch die GaN-Quantendrähte
sind vielversprechende Kandidaten für mögliche opto-elektronische Anwendungen im
UV Spektralbereich [12, 13]. Auf der anderen Seite, werden die Bi-haltigen Halbleiter auf
der GaAs-Basis für mögliche Anwendungen bei den sogenannten Telekom-Wellenlängen
von 1.3 µm and 1.55 µm im nah-IR Bereich vorgeschlagen [14]. Die Besonderheit des
Materialsystems ist die ungewöhnlich starke Abhängigkeit der Bandlücke von dem Bi-
Gehalt, etwa eine Größenordnung höher als in den "üblichen" ternären Verbindungen [15].
Das Ziel der durchgeführten PL Studien an diesen Systemen dient der optischen Charak-
terisierung der Materialien und dem besseren Verständnis der Ladungsträgerdynamik für
einen optimierten Design von Bauelementen.
Die Experimente zeigen deutlich, dass die Lokalisierung von Ladungsträgern die op-
tischen Eigenschaften von einzelnen (ZnMg)O Schichten als auch von ZnO Quantenfil-
men stark beeinflusst. Allerdings stellt sich die Relaxation von Elektronen und Löch-
ern aus den (ZnMg)O Barrieren in die ZnO Quantenfilme mit einer Streuzeit kleiner als
3 ps als extrem effizient heraus, trotz der potenziellen Lokalisierung der Ladungsträger in
(ZnMg)O. Dieses Ergebnis wird erzielt, indem für eine direkte Beobachtung der Ladungs-
trägerpopulation der Aufbau der Abschirmung interner elektrischer Felder in den Quan-
tenfilmen ausgenutzt wird. Zusätzlich geben temperaturabhängigen PL Studien einen
starken Hinweis darauf, dass die strahlende Rekombination zumindest bei den Gittertem-
peraturen kleiner als 150 K den Ladungsträgerzerfall dominieren kann. Insgesamt sind die
experimentellen Befunde für eine mögliche Realisierung von optischen Halbleiterbauele-
menten im UV Spektralbereich auf der ZnO/(ZnMg)O-Basis vielversprechend, obwohl es
sicherlich noch Raum für die Verbesserung der Materialqualität gibt und eine kontrollierte
p-Dotierung von ZnO realisiert werden muss. Einerseits ist die schnelle Ladungsträger-
relaxation aus den Barrieren in die Quantenfilme zusammen mit einer potenziell ho-
hen Quanteneffizienz von einem großen Vorteil für den Laserbetrieb, andererseits wür-
den LEDs mit einzelnen aktiven (ZnMg)O-Schichten von der Ladungsträgerlokalisierung
stark profitieren. Für die Zukunft sind Messungen der nichtlinearen Absorption und der
optischer Verstärkung an ZnO/(ZnMg)O Strukturen geplant, sowie die Entwicklung eines
optisch-gepumpten Halbleiterlasers auf der Basis von ZnO Quantenfilmen.
In den zeitaufgelösten Studien von Ga(AsBi), dargestellt in dem zweiten Teil des Kapi-
tels 5, wird ein starker Einfluss der Unordnung auf die optischen Eigenschaften des Hal-
bleiters beobachtet. Sowohl die spektralen Antwort des Materialsystems als auch die
Ladungsträgerdynamik werden durch das charakteristische Zusammenspiel von Relaxa-
tions- und Rekombinationsprozessen bestimmt. Kinetische Monte-Carlo Simulationen
unterstützen die experimentellen Beobachtungen: Für die quantitative Beschreibung der
Unordnung wird ein geeignetes Zwei-Skalen-Modell entwickelt, wobei sowohl die örtli-
chen Fluktuationen der chemischen Zusammensetzung in Ga(AsBi) als auch die Ent-
stehung von Bi-Clustern beachtet werden. Aus dem Vergleich experimenteller Daten
mit den Ergebnissen der Simulationen lassen sich die Unordnungsparameter wie En-
ergieskalen und Streuraten bestimmen. Unter anderem wird eine schnelle Migration von
Ladungsträgern innerhalb des fluktuierenden Potentials der Bandlücke in dem Gegensatz
zu einer wesentlich langsameren Ladungsträger-Diffusion zwischen den einzelnen Bi-
Clustern identifiziert. Zusätzlich läuft der Einfang der Ladungsträger in die Bi-Cluster
auf der Zeitskala von 5 ps ab. Insgesamt zeigen die Resultate der PL Untersuchungen,
dass bei der Interpretation von optischen Eigenschaften von Ga(AsBi) der Einfluss der
Unordnung stets beachtet werden muss, zumindest bei dem heutigen Stand der Entwick-
lung dieser Strukturen. In der nahen Zukunft, abhängig von der Optimierung der Wachs-
tumsparameter und der erfolgreichen Dotierung von Ga(AsBi), wird das Materialsystem
sein Potential für optische Anwendungen im nah-IR Spektralbereich unter Beweis stellen
müssen.
In dem dritten Teil des Kapitels 5, zeichnen sich in den PL Untersuchungen deut-
liche Signaturen von den GaN Quantendrähten ab, die aufgrund eines hohen quanten-
mechanischen Einschluss-Effektes eindeutig identifiziert werden. Aus den Lumineszen-
zdaten wird somit der Durchmesser der Drähte von einigen wenigen Nanometern abge-
schätzt, welcher mit den Befunden der Transmissions-Elektronen-Spektroskopie gut über-
einstimmt. Außerdem wird in der PL der Quantendrähte kein Beleg für das Auftreten
interner elektrischer Felder entlang der Ausrichtung der Drähte gefunden, so dass die
Licht-Materie Kopplung von der Ladungsträgertrennung nicht beeinflusst wird. Ein wei-
terer Vorteil des Materialsystems findet sich in der relativ hohen Stabilität der PL Inten-
sität und der Ladungsträgerlebensdauer mit steigender Gittertemperatur. Da sich dieses
Material noch in dem Entwicklungsstadium befindet, sollen weitere Studien optischer
und struktureller Eigenschaften folgen. Insgesamt bleiben die GaN Quantendrähte ein
viel versprechendes System für die Untersuchung quasi-eindimensionaler Strukturen und
bieten mannigfaltige Anwendungsmöglichkeiten vor dem Hintergrund der gereiften GaN-
Technologie.
In dem Kapitel 6 wird ein oberflächen-emittierender Halbleiterlaser (engl. VECSEL)
optimiert und charakterisiert, welcher auf der Basis des etablierten (GaIn)As Materialsys-
tems für die Anwendungen in dem nah-IR Spektralbereich entwickelt wurde. Diese Art
von Lasern wird unter Verwendung einer externen Laser-Kavität betrieben [16, 17] und
bietet somit eine optimale Kombination aus einer hohen Ausgangsleistung und einem
beugungs-limitierten Strahlprofil. Generell sind VECSEL heute verfügbar in einem brei-
ten Spektralbereich der Emissionswellenlänge [18], werden erfolgreich für die Frequenz-
mischung und -stabilisierung eingesetzt [19, 20] und können auch im gepulsten Regime
mit Pulsdauern unter 500 fs betrieben werden [21]. Für den Großteil dieser Anwendungen
ist eine hohe Ausgangsleistung notwendig, welche typischerweise durch das Aufheizen
des Halbleiterchips begrenzt ist. In dem Rahmen dieser Arbeit werden daher thermis-
che Eigenschaften eines VECSELs studiert und die Verteilung sowie die Abfuhr der
Hitze untersucht und optimiert. Durch die entsprechende Verbesserung der Kühlung wird
damit eine maximale Laserleistung von über 70 W erreicht. Außerdem wird die laterale
Hitzeverteilung in dem VECSEL-Chip während des Laserbetriebes mit Hilfe der orts-
aufgelösten PL Spektroskopie studiert. Die Messungen zeigen deutlich, dass die Laser-
leistung durch den dreidimensionalen Wärmefluss begrenzt bleibt, im Gegensatz zu der
häufigen Annahme eines eindimensionalen Wärmetransportes. Auf der Grundlage dieser
Untersuchungen sollen weiterführende, komplexere Konzepte für die Kühlung des Halb-
leitermaterials entwickelt werden. Dennoch stellte sich der VECSEL in der verwendeten
Konfiguration als äußerst leistungsfähig und effizient heraus. Damit ist das Lasersystem
optimal geeignet sowohl für die Hochleistungsanwendungen als auch für die intrakavitäre
Frequenzmischung.
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1 Introduction
Since the development of the first light-emitting diodes (LEDs) in the early 1960’s [1, 2],
opto-electronic technology based on the semiconducting materials evolved rapidly in the
last half of the century. Today, barely all aspects of the generation, control, and detection
of light are potentially covered by the solid-state semiconductor devices. The reason is
a unique combination of flexibility, low-cost fabrication, as well as compact packaging
dimensions. In particular, scientific applications profit from the large tunability of the
semiconductor diodes and lasers as well as from the high sensitivity of the detectors in
a broad spectral range from the ultra-violett (UV) to the infra-red (IR) [4]. In addition,
numerous industry branches successfully exploit solid-state light-sources for material pro-
cessing, characterization, and quality testing [3]. Finally, the semiconductor-based emit-
ters and detectors have already found their way into the everyday’s life. In many cases, the
technology is subtly integrated and barely noticable, yet it is often the heart of the respec-
tive applications. High-brilliance LEDs provide images for the television projectors [6],
compact lasers ensure rapid optical communication [5], and almost every photographer
relies on cameras with silicon-based detectors, the so-called charge-coupled-devices or
CCDs [7], only to name a few. Notably, the invention of the latter was honored with the
Nobel Prize in Physics in 2009 [8].
Still, the journey is far from being over. The ever-increasing need for energy-saving
lighting, faster optical communication, as well as for versatile optical sources in the grow-
ing field of the bio-physics anticipates and almost demands further technological advance.
The research is aimed towards compact and low-cost lasers with high repetition rates in
the near-infra-red (NIR) spectral range, bright, more efficient LEDs over the complete
visible (VIS) spectrum, as well as strong and tunable lasers emitting in the ultra-violet
(UV) wavelength region. In addition, transparent opto-electronic devices as well as the
light-emitters on a scale as small as several nanometers are envisioned.
To address these challenges, several steps are to be taken. First, a detailed understand-
ing of the fundamental phenomena in semiconductors is required for a proper design of
optical devices. The second, equally important procedure is the synthesis and the charac-
terization of novel material systems suited for the desired applications over a broad spec-
tral range. On this basis, semiconductor devices are finally developed and optimized to
expoit their respective potential as well as to identify any fundamental restrictions.
1
1 Introduction
The work discussed in this thesis is focused on the experimental studies regarding these
three steps: (1) investigation of the fundamental effects, (2) characterization of new ma-
terial systems, and (3) optimization of the semiconductor devices. It goes without saying
that only parts of the broad scientific fields are addressed. In all three cases, the experi-
mental technique of choice is photoluminescence (PL) spectroscopy [9]. This method
is based on the detection of light emitted by the photo-excited materials. Considering
the possibility of spectrally-, temporally- and spatially-resolved measurements, PL spec-
troscopy remains a flexible and, most-important, a non-destructive probe for the optical
response of semiconductors.
The thesis is organized as follows. Chapter 2 gives a summary of the PL properties of
semiconductors relevant for this work. The first section deals with the intrinsic processes
in an ideal direct band gap material, starting with a brief summary of the theoretical
background followed by the overview of a typical PL scenario. In the second part of
the chapter, the role of the lattice-vibrations, the internal electric fields as well as the
influence of the band-structure and the dielectric environment are discussed. Finally,
extrinsic PL properties are presented in the third section, focusing on defects and disorder
in real materials.
In chapter 3, the experimental realization of the spectroscopic studies is discussed. The
time-resolved photoluminescence (TRPL) setup is presented, focusing on the applied ex-
citation source, non-linear frequency mixing, and the operation of the streak camera used
for the detection. In addition, linear spectroscopy setup for continous-wave (CW) PL and
absorption measurements is illustrated.
Chapter 4 aims at the study of the interactions between electrons and lattice-vibrations
in semiconductor crystals relevant for the proper description of carrier dynamics as well
as the heat-transfer processes. The presented discussion covers the experimental studies
of many-body effects in phonon-assisted emission of semiconductors due to the carrier-
carrier Coulomb-interaction [10, 11]. The corresponding theoretical background is dis-
cussed in detail in chapter 2. The investigations are focused on the two main questions
regarding electron-hole plasma contributions to the phonon-assisted light-matter interac-
tion as well as the impact of Coulomb-correlations on the carrier-phonon scattering.
The experiments presented in chapter 5 deal with the characterization of recently syn-
thesized material systems: ZnO/(ZnMg)O heterostructures, GaN quantum wires (QWires),
as well as (GaAs)Bi quantum wells (QWs). The former two materials are designed for po-
tential electro-optical applications in the UV spectral range [12, 13]. TRPL spectroscopy
is applied to gain insight as well as a better understanding of the respective carrier relax-
ation and recombination processes crucial for the device operation. The latter material
system, Ga(AsBi), is a possible candidate for light-emitting devices in the NIR, at the
telecom wavelengths of 1.3 µm and 1.55 µm [14]. The main hallmark of this semiconduc-
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tor is the giant band gap reduction with Bi content [22], unusually large for more typical
compound materials [15]. The aim of the studies is the systematic investigation of carrier
dynamics influenced by disorder. The measurements are supported by kinetic Monte-
Carlo simulations [23], providing a quantitative analysis of carrier localization effects.
In chapter 6, optimization and characterization studies of semiconductor lasers, based
on the well-studied (GaIn)As material system designed for NIR applications, are per-
formed. The device under investigation is the so-called vertical-external-cavity surface-
emitting laser (VECSEL) [16, 17]. This laser perfectly combines the excellent beam qual-
ity of surface emitters and the high output power of semiconductor edge-emitting diode-
lasers. VECSELs are available in a broad spectral range [18], offer efficient intra-cavity
frequency mixing [19] combined with frequency stabilization [20], and are able to oper-
ate in a pulsed regime, emitting ultra-short sub-500 fs pulses [21]. For the majority of the
applications high output power of the device remains crucial. The performance of the
laser, however, is typically limited by the heating of the device during the operation. The
experiments focus on the study of the thermal properties of a high-power VECSEL. The
distribution and removal of the excess heat as well as the optimization of the laser for in-
creased performance are adressed applying different heat-spreading and heat-transfer ap-
proaches. Based on these investigations, the possibility for power-scaling is evaluated and
the underlying restrictions are analyzed. The latter investigations are performed applying
spatially-resolved PL spectroscopy. An experimental setup is designed for monitoring the
spatial distribution of heat in the semiconductor structure during laser operation.
A brief summary of the experimental findings and the resulting conclusions are given
in the chapter 7 in the end of the thesis.
3
2 Photoluminescence spectroscopy
This chapter presents a summary of the PL properties of semiconductors, relevant for this
thesis. A simplified picture of the PL process is given in Fig. 2.1 prior to a more detailed
discussion. A basic description is also found in standard text-books on semiconductor
optics, e.g., in Ref. [9]. The band structure of a semiconductor in the vicinity of the
band gap is represented by two parabolic bands in the reciprocal space. In a typical PL
experiment, the semiconductor is excited by a light-source that provides photons with
an energy larger than the energy of the band gap. The incoming photons are absorbed,
creating electrons and holes with finite momenta k in the conduction and valence bands,
respectively. The excitation process is then followed by energy and momentum relaxation
of the charge-carriers towards the band gap minimum. Finally, the electrons recombine
with holes under emission of photons. The latter process is called luminescence or more
specifically - PL when the carriers are created by photoexciation.
Figure 2.1: Schematic illustration of PL in a semiconductor
Despite the fact that PL is easily observed in most semiconductor materials, a proper
theoretical description is generally a challenging task. Already an ideal, defect-free semi-
5
2 Photoluminescence spectroscopy
conductor is a complex many-body system of interacting charge-carriers, lattice vibra-
tions, i.e., phonons, as well as photons, when light-matter coupling is considered. The
PL properties are also extremely sensitive to the presence of internal electric fields and to
the specifics of the dielectric environment which imposes further complexity. In addition,
real material systems incorporate defects in the lattice structure and chemical composi-
tion as well as spatial fluctuations of material parameters, i.e., disorder. The treatment
of both defects and disorder is extremely challenging for a microscopic theory. In most
cases, the main issue is the lack of detailed knowledge regarding the perturbations of an
ideal crystal structure. Thus, the influence of the extrinsic effects on the PL is usually
addressed phenomenologically.
For all these reasons, it is useful to start with the description of the most fundamental
PL properties in an ideal system. The first section thus deals with the intrinsic processes
regarding photoexcitation and luminescence in direct band gap materials. It starts with a
brief summary of the theoretical background, focused on the influence of the Coulomb-
interaction. The latter is inevitable for a proper treatment of the many-particle system of
an excited semiconductor. Then, an overview of the complete PL scenario is given using a
quasi-two-dimensional structure as an exemplary system; the influence of dimensionality
is covered in the end of the section. Here, the illustration of the relevant phenomena is
based on the results of the microscopic theory, yet the discussion is kept on a phenomeno-
logical level for a better legibility and brevity. In the second part of the chapter, the role
of phonons, internal electric fields, as well as the influence of the band-structure and di-
electric environment are discussed. Finally, extrinsic PL properties are presented in the
third section, focusing on defects and disorder in real materials.
2.1 Intrinsic photoluminescence properties of direct-gap
semiconductors
2.1.1 Microscopic theory of luminescence
System Hamiltonian
This subsection presents a brief introduction to the theoretical approach for the micro-
scopic description of the PL in an ideal, direct semiconductor. A detailed derivation and
a complete explanation of the involved calculations are found in Refs. [10, 24, 25, 26]. In
the overall discussion, the reader is further referred to the standard text-books, like [27,
28], for the general properties of semiconductors as well as the fundamentals of quantum-
mechanics.
The interacting many body-system of a defect-free semiconductor crystal coupled to a
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light-field is represented by the following Hamilton-operator in the second quantization
formalism:
H = Hel +Hvib +Hem +Hel−el +Hel−vib +Hel−em (2.1)
The first three terms describe single-particle contributions: free electrons (Hel), lattice
vibrations (Hvib), and photons, i.e., quantized electro-magnetic field (Hem). The last
three terms contain the interactions: electron-electron scattering via Coulomb-interaction
(Hel−el), coupling between electrons and lattice vibrations (Hel−vib), as well as light-
matter interaction (Hel−em). The Hamiltonian Hel of the non-interacting part accounts
for the free charge-carriers:
Hel = ∑
λk
ελka
†
λka
†
λk. (2.2)
Here, a†k and a
†
k are the fermionic creation and annihilation operators, respectively, for
both electrons and holes. The particle quasi-momentum k is merged with the spin quan-
tum number σ to k = {k,σ}. The index λ denotes individual band or subband index and
can be further simplified to λ =c or λ =v in a two-band approxiamtion, when conduction
(c) or valence bands (v) are considered. The energy of the particle state corresponding to
k is given by εk. This quantity summarizes the influence of the band-structure obtained
by, e.g., k·p multi-band calculations.
The quantized lattice-vibrations field in harmonic approximation is described by the
second Hamiltonian:
Hvib = ∑
p
~Ωp
(
D†pD
†
p +
1
2
)
, (2.3)
with the bosonic phonon-creation and -annihilation operators D†p and D†p, respectively.
Again, the quasi-momentum p and number of the phonon branch α are merged to p =
{p,α}. ~Ωp denotes the phonon energy according to the dispersion-relation of the corre-
sponding branch.
The electro-magnetic (EM) field is included in the last operator of the non-interacting
part, Hem. Here, it is important to stress that only fully quantized radiation field should
be used for the description of the PL. The reason for that is given in the following brief
discussion. It requires, however, some anticipation of the theoretical results. When co-
herent phenomena like linear reflection or transmission are considered, it is sufficient to
treat light in the classical picture, i.e., as an EM wave. According to Maxwell´s equa-
tions, the EM field couples to the polarization in the material. On the other hand, the
coherent polarization is usually zero in a typical PL experiment under pulsed excitation
conditions, and only an incoherent population of electrons and holes is present in the sys-
7
2 Photoluminescence spectroscopy
tem. The latter, however, does not couple directly to classical fields and thus can not act
as a source of incoherent spontaneous emission, i.e., the PL. Therefore, the radiation field
has to be treated fully quantum-mechanically with photons as quasi-particles. In this case,
the corresponding Hamiltonian obtains the following form, analogous to the description
of phonons:
Hem = ∑
q
~ωq
(
B†qB
†
q +
1
2
)
. (2.4)
The bosonic operators B†q and B†q create and annihilate photons, respectively. q = {q,pi}
summarizes the wavenumber q and polarization pi of a photon. The well-known dispersion
relation determines the photon energy ωq = cq, with c denoting the speed of light.
The first Hamiltonian of the interacting part describes the Coulomb-scattering between
the charge-carriers:
Hel−el = ∑
λλ′kk′∆k
V∆k a†λka
†
λ′k′a
†
λ′k′+∆ka
†
λk−∆k. (2.5)
Here, the particles in the initial states {λ,k−∆k} and {λ′,k′+∆k} scatter to the final
states {λ,k} and {λ′,k′} under the transfer of momentum ∆k. The strength of the inter-
action is given by the Coulomb matrix-element V∆k which is proportional to ∆k−2 and
independent of the band-indices λ and λ′.
The second operator Hel−vib accounts for the electron-phonon coupling:
Hel−vib = ∑
λkp
~Ωp gλp a†λk−pa
†
λk
(
D†−p +D
†
p
)
. (2.6)
An electron or a hole is scattered between the states {λ,k} and {λ,k−p} under the
emission (D†p) or absorption (D†−p) of a phonon. The momentum p is transferred from
the electronic system to the phonon bath during this process. ~Ωp is the phonon energy
and gλp denotes the electron-phonon interaction strength. The influence of λ and p on gλp
varies strongly for different coupling mechanisms; the latter are discussed in section 2.2.1
in more detail.
Finally, the light-matter interaction is described by:
Hel−em =−∑
kq
i
(
Fqa
†
ck+qa
†
vk +F
∗
q a
†
vka
†
ck−q
)
Bq +H.C. (2.7)
An electron and a hole are created or annihilated under emission or absorption of a
photon. The momentum q is transferred between the EM field and the electron-hole
system. In most cases, q is extremely small compared to the quasi-impulse k of the
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charge-carriers. The strength of the light-matter coupling is defined by Fq which depends
on the dipole-mediated overlap of the electron and hole wavefunctions. H.C. denotes the
Hermitian-conjugated part of the operator.
Equations of motion approach
In general, the physically meaningful properties of the system are always traced down
to the expectation values 〈O〉 of the quantum-mechanical operators O. The latter can be
classified as N-particle operators ON , according to:
ON = B†1 . . .B
†
N1a
†
1 . . .a
†
N2a
†
N2 . . .a
†
1B
†
N3 . . .B
†
1, (2.8)
with
N = N1 +N2 +N3, (2.9)
as well as the bosonic and the fermionic operators B†i and a
†
j , respectively. Thus, from a
purely formal point of view, a single bosonic operator and also a pair of fermionic oper-
ators are both considered single-particle quantities. The expectation value of an arbitrary
operator ON is obtained by calculating the trace 〈ON〉= Tr[ON ρ], where ρ is the statis-
tical operator of the system. The dynamics of ON are derived applying the Heisenberg
equation of motion:
i~
∂
∂t ON = [ON ,H]. (2.10)
However, since the system Hamiltonian is not only composed of single-particle but also
of two-partilce operators, the expectation value 〈ON〉 couples to the expectation values of
N- and (N+1)-particle operators:
i
∂
∂t 〈ON〉= T [〈N〉]+V [〈N +1〉]. (2.11)
Here, the functionals T and V mainly result from the non-interacting and interacting parts
of the Hamiltonian H, respectively. This coupling leads to an infinite hierarchy of equa-
tions with all possible combinations and orders of operators. Thus, a consistent approx-
imation must be applied to obtain a closed equations set. For this purpose, a systematic
truncation scheme within the so-called cluster expansion approach is used [29].
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Cluster expansion
The method of cluster expansion is based on consistent factorization of an N-particle
quantity 〈N〉 into products of: (i) independent single-particle operators or singlets 〈1〉,
(ii) purely correlated pairs or doublets ∆ 〈2〉, as well as (iii) three- (triplets) and up to
N-particle clusters ∆ 〈N〉:
〈N〉= 〈N〉S + 〈N−2〉∆ 〈2〉+ 〈N−3〉〈1〉∆ 〈2〉+ · · ·+∆ 〈N〉 . (2.12)
As an example, a three-particle expectation value is decomposed according to this
scheme into:
〈3〉= 〈3〉S + 〈3〉D + 〈3〉T (2.13)
with the singlet part 〈3〉S as products of singlets
〈3〉S = ∑〈1〉〈1〉〈1〉 , (2.14)
the doublet containing part 〈2〉S as products of singlets and doublets
〈3〉D = ∑〈1〉∆ 〈2〉 , (2.15)
and the triplet contribution with pure three-particle correlations:
〈3〉D = ∑∆ 〈3〉 . (2.16)
Every part incorporates all possible permutations of the operators up to the corresponding
order as well as sign changes. This factorization scheme now allows a consistent trunca-
tion up to an arbitrary cluster-order N, when the pure correlations ∆ 〈N +1〉 are neglected.
In the example shown above, a three-particle expectation value, approximated up to the
second order, yields:
〈3〉 ≈ 〈3〉S + 〈3〉D = ∑〈1〉〈1〉〈1〉+∑〈1〉∆ 〈2〉 . (2.17)
The truncation of the factorized operators is applied to the hierarchy of Heisenberg equa-
tions of motion, see eq. (2.10) and (2.11). Again, as an example, a singlet-doublet approx-
imation leads to the following set of equations for an arbitrary single-particle expectation
value 〈O1〉:
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i~
∂
∂t 〈O1〉= T1[〈1〉]+V1[〈2〉S +V1[∆ 〈2〉] (2.18)
i~
∂
∂t ∆ 〈2〉= T2[∆ 〈2〉]+V2[〈3〉]≈ T2[∆ 〈2〉]+V2[〈3〉S + 〈3〉D], (2.19)
where T1,2 and V1,2 are known functionals. Together with the Heisenberg equations for the
additional operators included in 〈1〉, 〈2〉S, 〈3〉S and 〈3〉D, truncated in the same manner,
the set of the equations is closed.
Semiconductor luminescence equations
In general, the response of a semiconductor to a radiation field is subdivided into coher-
ent and incoherent parts. As briefly mentioned in section 2.1.1, only coherent contri-
butions are described by the classical EM fields. In that case, the relevant observables
are the expectation values 〈B†q〉 and 〈B†q〉, related to the amplitudes of the EM waves. In
analogy to Maxwell’s equations these quantities are coupled to the microscopic electron-
hole polarizations pk = 〈a†cka
†
vk〉 in a semiconductor. However, in a typical PL scenario,
the polarizations have already decayed, yielding pk = 〈B†q〉= 〈B†q〉= 0, see 2.1.2. In this
regime, the radiation from the semiconductor, i.e., the PL, is purely incoherent. It is given
by the expectation value of the photon occupation number within the cluster expansion
formalism:
〈B†qB
†
q〉= 〈B
†
qB
†
q〉S +∆〈B†qB†q〉= ∆〈B†qB†q〉. (2.20)
The singlet part 〈B†qB†q〉S contains only single-particle expectation values and is thus zero.
In the majority of cases, the relevant observable is the intensity of the PL as function of
the photon energy ωq. By the definition, this quantity corresponds to the temporal change
of the photon population:
IPL(ωq) =
∂
∂t ∆〈B
†
qB
†
q〉. (2.21)
In the following, a planar QW structure is considered to keep the results consistent with
the later discussion in section 2.1.2. The most important implication of a two-dimensional
system is the absence of translation symmetry in the z-direction, perpendicular to the plane
of the structure. In this case, momentum conservation rules do not apply with regard to
the z-component and it thus proves convenient to separate the photon momentum in the
perpendicular part qz and the in-plane momentum q. The absolute momentum value is
denoted by q. The evaluation of the corresponding Heisenberg equations of motion in
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second-order cluster expansion then leads to the following set of equations:
∂
∂t ∆〈B
†
qz,qB
†
q,z,q〉=i(ωqz −ωq,z)∆〈B
†
qz,qB
†
q,z,q〉
+
1
~
∑
k
[Fq∆〈B†q,z,qa
†
c,ka
†
v,k−q〉+F
∗
q,∆〈B†qz,qa
†
v,k−qa
†
c,k〉], (2.22)
i~
∂
∂t ∆〈B
†
qz,qa
†
v,k−qa
†
c,k〉=[ε˜k(q)−~ωq]∆〈B
†
qz,qa
†
v,k−qa
†
c,k〉
− [1− f ek − f hk−q]Ωstim(k,qz,q)
+ iFq [ f ek f hk−q +∑
l
∆〈a†c,l+qa
†
v,k−qa
†
c,ka
†
v,l〉]
+ i~
∂
∂t ∆〈B
†
qz,qa
†
v,k−qa
†
c,k〉|scatt , (2.23)
∂
∂t f
e
k =−
2
~
∑
qz,q
Re[Fq〈B†qz,qa
†
v,−k−qa
†
c,k〉]+
∂
∂t f
e
k|SBE , (2.24)
∂
∂t f
h
k =−
2
~
∑
qz,q
Re[Fq〈B†qz,qa
†
v,−ka
†
c,k+q〉]+
∂
∂t f
h
k |SBE . (2.25)
In the first equation the photon population ∆〈B†qz,qB
†
q,z,q〉 couples to the photon-assisted
polarization ∆〈B†qz,qa
†
v,k−qa
†
c,k〉 via light-matter interaction matrix-element Fq. Hence, the
changes in the photon occupation number originate from the inter-band transitions of the
charge-carriers. The dynamics of the photo-assisted polarization are determined by the
second equation. Here, the first term includes band-structure renormalization effects due
to the Coulomb-interaction as well as the excitonic correlations. The renormalized kinetic
energy is given by
ε˜k(q)≡ εek + εhk−q−∑
l
Vk−l[ f el + f el−q]. (2.26)
The second term resembles the generalized Rabi-frequency in the Semiconductor Bloch
Equations (SBE). It includes the phase-space filling factor [1− f ek − f hk−q] and is a source
for the stimulated emission:
Ωstim(k,qz,q)≡ i∑
q,z
Fq,∆〈B†qz,qB
†
q,z,q〉+ ∑
l
Vk−l∆〈B†qz,qa
†
v,la
†
c,l−q〉 (2.27)
Usually, the stimulated contributions are negligible under typical experimental conditions
in the weak coupling regime, i.e., when no cavity is applied. The sources of the photo-
assisted polarization and thus of the PL are given by the third term. The singlet contri-
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butions f ek f ek−q account for the recombination of uncorrelated electrons and holes, i.e. an
electron-hole plasma. The purely correlated part ∑l ∆〈a†c,l+qa†v,k−qa†c,ka†v,l〉 is the excitonic
source for the spontaneous emission. The last term in the Eq. (2.23) includes scattering
effects. These are the Coulomb-scattering which can be understood as a phenomeno-
logical damping, as well as the coupling to the correlations between the photons and
phonons. The latter give rise to the phonon-assisted emission, discussed in section 2.2.1
in more detail. The last two Eqs. (2.24) and (2.25) describe the dynamics of the electron
and hole populations, respectively. Changes in the occupation number due to the emission
of photons are determined by the first term. The second term ∂∂t fk|SBE summarizes the dy-
namics given by the SBE. These include Coulomb-renormalization, phase-space filling,
generalized Rabi frequency as well as the Coulomb- and phonon-scattering. The latter
are responsible for the thermalization of the carrier distributions as well as relaxation and
cooling processes. The complete equations set (2.22) - (2.25) is called Semiconductor
Luminescence Equations (SLE).
Analytic solution
For a wide array of experimentally relevant situations, it is sufficient to calculate the
steady-state PL at a constant time interval after the excitation. In this case, the popula-
tions of free carriers f ek and f hk , as well as the excitonic correlations ∆〈a†c,l+qa†v,k−qa†c,ka†v,l〉
are taken as constant. Further approximations are introduced in the regime of low densi-
ties and negligible broadening: (i) the Coulomb-scattering triplets are reduced to a phe-
nomenological dephasing rate γ, (ii) the homogeneous broadening is assumed to be small
in comparison to the exciton binding energy. For these assumptions, the SLE are solved
analyticaly and yield a simple expression for the PL intensity:
IPL(ωq) =
2F 2q
~
Im
[
∑
λ
∣∣φRλ(r = 0)∣∣2 ∆Nexcλ (q)+Nehλ (q)Eλ−~ωq− iγ
]
. (2.28)
Here, the PL signal is proportional to the light-matter coupling F 2q . The absolute energy
level of the excitonic state λ is given by Eλ; φRλ is the corresponding wavefunction in real-
space coordinates, a right-handed eigenfunction of the Wannier equation. φRλ converges
to the initial excitonic eigenfunction φλ in case of the vanishing carrier densities. The
denominator [Eλ−~ωq− iγ] determines the spectral position as well as the shape of the
PL. In general, the emission spectrum is a series of lorentzian-shaped PL peaks at the
excitonic resonances Eλ, broadened according to γ. Also, due to a stronger coupling to
the light-field, the PL from the excitonic ground state λ = 1s is significantly higher than
the signal from the excited states and the continuum emission.
The sources of the PL are given by the enumerator [∆Nexcλ (q)+N
eh
λ (q)]. Here, ∆N
exc
λ (q)
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Figure 2.2: Calculated PL spectra in the absence of the excitonic population (a) and for
the case, when 10 % of the electrons and holes form excitons (b). The PL
results are taken from [26, 30]. The corresponding linear absorption spectrum
is shown in (c).
denotes the contribution of the excitonic population in the state λ with the center-of-mass
momentum q. The second contribution Nehλ (q) comes from the electron-hole plasma, i.e.,
the unbound charge-carriers:
Nehλ (q) ≡ ∑
k
φLλ(k)2 f ek+qe f hk−qh, (2.29)
with qe+qh = q and φLλ as the excitonic left-handed eigenfunction in momentum space.
Hence, as soon as an electron-hole populations f ek+qe f hk−qh are present in the system,
spontaneous emission at the excitonic resonances Eλ is observed.
At the first glance, this result might appear counterintuitive. In a simple one-particle
picture one would expect only the emission from the plasma continuum to determine
the PL spectrum in the absence of excitons. However, we should keep in mind that the
single-particle states do not represent the real eigenstates of the interacting many-body
system. When the Coulomb-coupling is present, every wave-function of a single particle
contains contributions from the Coulomb-correlated many-particle states, e.g. excitons.
Moreover, the light-matter interaction strength is orders of magnitude higher for the ex-
citonic transitions compared to the band-to-band recombination in the continuum. Thus,
the "excitonic" part of the single-particle wave-function gives a major contribution to the
spontaneous emission. An alternative picture would be the quasi-instantaneous Coulomb-
scattering of electrons and holes to the excitonic states prior to radiative recombination.
The excess energy is then distributed among the remaining carriers, leading to a small
temperature increase of the whole system.
Exemplary PL spectra, calculated using the expression (2.28), are plotted in Fig. 2.2 (a)
and (b). A corresponding absorption spectrum in the vicinity of the band gap is shown
schematically in Fig. 2.2 (c). The latter is strongly influenced by Coulomb-effects. The
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dominant signature is the Lorentzian peak at E1s corresponding to the ground state of
the exciton. It is accompanied by a series of transitions from higher excitonic states
with λ = 2s, 3s, . . . , which merge into the ionization continuum at E∞. The absorption
spectrum due to the non-interacting free carriers is shown by the dotted line for com-
parison. It is significantly lower than the Coulomb-enhanced contributions. Fig. 2.2 (a)
shows the sample emission when only plasma and no excitons are present in the system,
i.e., ∆Nexcλ (q) = 0 for all λ and q. Nevertheless, the PL emerges from the 1s-exciton peak
according to (2.28). The luminescence from higher excitonic transitions as well as from
the plasma continuum is much less pronounced. Furthermore, if only 10 % of the charge-
carriers are bound to excitons, the 1s-emission increases drastically in comparison to the
continuum-PL, see Fig. 2.2 (b). Again, the reason is the especially strong light-matter
coupling for spatially correlated electrons and holes forming an exciton. Thus, regardless
of the actual population of excitons, the excitonic resonances are always present in the PL
spectra due to the Coulomb-interaction.
2.1.2 Photoluminescence of an ideal quantum-well structure
In this subsection, an ideal, defect-free semiconductor system is used for the illustration
of the fundamental processes, involved in a typical PL experiment. Following the brief
introduction in the beginning of the chapter 2, the processes are subdivided into three
regimes, regarding photoexcitation, relaxation, and recombination of the charge-carriers.
The discussion is based on the results and predictions of the previously outlined micro-
scopic theory (2.1.1), as well as on the Refs. [9, 31].
Photoexcitation
An exemplary QW band structure is shown on the left-hand side of the Fig. 2.3. Ebarr and
EQW denote the band gaps of the barrier and the QW, respectively. The single-particle
levels of the electrons (e1,e2) and holes (h1,h2) confined in the QW are shown with their
corresponding wavefunctions. A schematic linear absorption spectrum of the structure
is plotted on the right-hand side of the Fig. 2.3. The spectrum shows the excitonic reso-
nances of the first (e1h1) and the second QW subbands (e2h2), as well as the absorption
from the corresponding continuum states and from the barrier.
In a time-resolved PL experiment, the QW structure is excited by a short laser pulse,
with the typical temporal width in the range of 100 fs. Continuous-wave PL is briefly
discussed in the end of the section. In general, three different excitation conditions are
distinguished: resonant, quasi-resonant, and non-resonant. For the resonant excitation,
the central energy of the laser pulse Ep corresponds to the excitonic ground-state of the
QW, i.e., e1h1 transition. In this case, only a negligible amount of the excess energy
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Figure 2.3: A schematic band alignment with the single-particle energy levels of an ex-
emplary QW structure are shown on the left-hand side. The corresponding
linear absorption spectrum is illustrated in the right figure. The three different
excitation regimes are marked by the arrows.
above Ee1h1 is transferred to the carrier system. Thus, the kinetic energies of the electrons
and holes are rather small, and the carrier temperatures remain in the range of the lattice
temperature. Also, during the decay of the laser-induced polarization, coherent processes
contribute to the spontaneous emission of the QW [25]. In addition, excitons are created
directly after the polarization decay.
Under the quasi-resonant conditions, the energy of the laser pulse is higher than the
QW ground state, but still below the barrier absorption edge. Here, as an example, the
continuum of the first subband is excited. In comparison to the resonant excitation, the
decay of the polarization is extremely fast, in the range of several tens of fs. Thus, any
coherent contributions to the QW emission are negligible. Also, due to a finite excess
energy (Ep −Ee1h1), the initial temperature of the carrier system is significantly higher
than the lattice temperature. Finally, only the electron-hole plasma is initially created. It
is then followed by the formation of excitons.
In case of the non-resonant excitation, the structure is excited into the barrier, i.e., the
energy of the laser pulse is higher than Ebarr. Thus, in contrast to the quasi-resonant con-
ditions, the initial carrier distribution in the QW strongly depends on the carrier scattering
between the barrier and the QW. On the other hand, a fast polarization decay, as well
as comparably slow exciton formation and high carrier temperatures resemble the quasi-
resonant scenario. For these reasons, the term "non-resonant" is often used for both quasi-
and non-resonant excitation. Also, these conditions are often applied in the experiments,
rather than the resonant excitation. In the latter case, the detection of the PL is more
challenging due to the contributions from the laser stray-light and the resonant Rayleigh-
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scattering. Hence, quasi-resonant excitation is assumed for the following discussion in the
rest of this section. Being a typical experimental scenario, quasi-resonant conditions also
allow for an easier illustration of the fundamental relaxation and recombination processes.
Relaxation
Figure 2.4 (a) illustrates the temporal evolution of the polarization and carrier densities
after the excitation of the QW with a short laser pulse in the electron-hole continuum.
Initially, the laser light induces coherent polarization in the sample, i.e., in a simple pic-
ture, transitions between electron and hole states oscillating with the laser frequency and
a fixed phase. Due to the ultra-fast Coulomb- as well as phonon-scattering the polar-
ization decays fast, typically on a sub-100 fs time-scale [32]. According to the SBE, the
dephasing of the polarization leads to creation of electron and hole populations in the con-
duction and valence bands, respectively. The lifetime of the carrier population is rather
long, limited by radiative and non-radiative, i.e., Auger, recombination. During this life-
time, a fraction of electrons and holes form excitons. The formation rate depends on the
experimental conditions such as lattice temperature, excitation density, as well as on the
general material parameters, e.g., the strength of the Coulomb-interaction. The character-
istic time-scales are in the range of 100´s of ps in GaAs [33] and appear to be much shorter
in wide-gap semiconductors [34]. However, this topic is still under discussion, mainly due
to the challenges in finding direct experimental evidence for the exciton formation.
The thermalization of the carrier system is schematically shown in Fig. 2.4 (b)-(f).
Here, the occupation probability of the single-particle states is plotted as function of mo-
mentum. Direct after the excitation and the quasi-instantaneous decay of the polarization,
the carrier distribution is mainly determined by the spectral width of the laser pulse. The
distribution is thus highly non-thermal and resembles a peak function, centered at a finite
momentum k0. In the first 100´s of fs, the carriers are scattered by phonons, as well as
among each other via Coulomb-interaction. The latter becomes especially important at
elevated carrier densities, often encountered in time-resolved PL experiments due to the
comparably high pulse energies of the excitation sources. The carrier system thus ther-
malizes to the Fermi-Dirac distribution within the first ps. Finally, the carrier system cools
down under the emission of phonons.
A typical evolution of the carrier temperature is illustrated in Fig. 2.4 (g). After the
thermalization the initial temperature of the carrier distribution Tinit roughly corresponds
to the excess energy, divided by the Boltzmann constant kB. In the first couple of pi-
coseconds the carrier temperature decreases fast via emission of optical phonons. The
cooling is especially efficient, since the energy of optical phonons is comparably high,
e.g., 36 meV = kB · 420 K in GaAs [36]. In addition, the optical phonon dispersion is flat
to a large extent, allowing for a wide range of scattering processes under energy and mo-
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Figure 2.4: Schematic illustration of the relaxation processes after photoexcitation.
(a) Temporal evolution of laser-induced polarization, carrier population, as
well as exciton formation. (b)-(f) Occupation probability of the electronic
single-particle states as function of momentum at various time-delays after the
excitation. (g) Temperature of the carrier system as function of time for low
and high excitation power Pexc. All figures are based on theoretical and exper-
imental findings [24, 26, 29, 31, 35]. The quantitative information regarding
time after the excitation provides an exemplary illustration of the typical time-
scales.
mentum conservation. However, as soon as the carrier temperature decreases below the
value corresponding to the optical phonon energy, the cooling by the emission of optical
phonons becomes inefficient. In this regime, acoustic phonons dominate the relaxation.
Due the small phonon energies, as well as the dispersion of acoustic phonons, the energy
loss rate is significantly smaller in comparison to the cooling by optical phonons. Thus,
the temperature decrease is rather slow beyond the first 10 ps. In general, several 100´s
of ps and even ns can be necessary to reach the lattice temperature Tlatt , especially when
the latter is low, in the range of several Kelvin [35, 37]. At elevated excitation densities,
the carrier cooling is further inhibited by the so-called hot-phonon effect [38]. The re-
laxation of a large number of photoexcited hot carriers leads to a high generation rate of
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optical phonons, exceeding the anharmonic decay rate into acoustic phonons. This cre-
ates a non-equilibrium "over-population" of optical phonons and thus causes an increased
reabsorption of the latter by the charge-carriers. As a result, the cooling is significantly
suppressed. Therefore, the temperature of the carrier system, obtained at a fixed time-
delay after the excitation, increases with the pump power Pexc.
Radiative recombination
Figure 2.5: Calculated PL spectra of a QW at 0 ps (a), 0.5 ps (b), and > 4 ps (c) after
the pulsed, quasi-resonant excitation [24]. Corresponding spectra, calculated
without Coulomb-interaction, are plotted by the dotted lines for comparison.
Calculated PL spectra [24] of an ideal QW structure are shown in Fig. 2.5. The lattice
temperature is set to 4 K and the final carrier density to 1.8 · 1010 cm−2. Directly after the
excitation, the emission is broadened significantly, yet still centered in the vicinity of the
excitonic 1s-resonance. As the carrier distribution thermalizes and cools, the width of the
PL peak decreases and the emission energy shifts to match the ground state of the exciton.
After a couple of ps, the PL spectrum converges to the steady-state shape, characterized
by the Elliott formula 2.28. For comparison, the calculation results omitting Coulomb-
interaction are shown by the dotted lines in Fig. 2.5. In this case, the shape as well as the
spectral position of the PL are defined by the distribution of electrons and holes in the
corresponding bands, as it is expected for the single-particle approximation.
To illustrate the influence of the excitation power and lattice temperature, experimental
PL results from high-quality (GaIn)As QWs are shown in Fig. 2.6. As already discussed,
the QW emission is dominated by the excitonic ground state, i.e., e1hh1, at low excitation
densities. For high excitation densities, additional peaks from higher subband transitions
e1lh1 and e2hh2 appear in the spectra due to the state-filling as well as possible heating
effects. Also, the width of the main PL peak increases significantly with rising excitation
power, see the inset of Fig. 2.6 (a). The reason is the so-called excitation-induced dephas-
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Figure 2.6: (a) PL spectra of a (GaIn)As QW sample at T = 10 K at various excitation
densities, normalized to n0 = 2 · 1012 cm−2 photons per pulse. (b) Temper-
ature dependent (GaIn)As QW emission for the excitation density of about
30 n0 [40]. The excitonic resonances are marked by the dotted lines. The
FWHMs corresponding to the ground-state transitions are plotted in the insets.
ing [39]: at higher carrier densities, the Coulomb-scattering between the carriers becomes
faster, thus leading to an increase of the homogeneous linewidth. In addition to broaden-
ing, the maximum of the main PL transition exhibits a small shift in energy, as the pump
density increases, due to the Coulomb-renormalization and phase-filling [10].
Temperature-dependent PL spectra of a (GaIn)As QW are plotted in Fig. 2.6 (b). Due to
the lower In content in this sample, the emission maximum is slightly higher in compari-
son to the sample from Fig. 2.6 (a). Otherwise, the overall quality as well as the structural
and optical properties of the samples are nearly identical. At low temperatures, the PL
spectra of the QW show the resonances from the first (e1hh1) and the second subband
(e2hh2), the latter due to the comparably high excitation density of about 30 n0. As the
temperature increases, the relative intensity of the second subband rises, according to the
change in thermal distribution of carriers between the subbands. The full-width-at-half-
maximum (FWHM) of the main peak also increases due to the increasing phonon popula-
tion and therefore more efficient carrier-phonon scattering at higher lattice temperatures.
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The corresponding phenomenological expression for the FWHM Γ is [41]:
Γ(T ) = Γ0 +ΓACT +
ΓLO
e
~ωLO
kBT −1
. (2.30)
Here, Γ0 denotes the temperature-independent line-width due to the excitation-induced
dephasing, impurity scattering and disorder-related broadening. ΓAC and ΓLO account for
the coupling strength of carriers to acoustic and LO phonons, respectively. T is the lattice
temperature, kB - the Boltzmann constant, and ~ωLO - the LO phonon energy. According
to this formula, the FWHM increases linearly with temperature due to the scattering of
carriers with acoustic phonons. The scattering with optical phonons, on the other hand, is
responsible for the non-linear increase of the FWHM, corresponding to the Bose-function
in the last term in Eq. (2.30). In addition, an increase of the lattice temperature also
leads to a shift of the PL maximum to lower energies. The sample emission follows
the temperature-dependent shift of the material band-gap due to the anharmonicity of
the potential between the lattice ions [42]. The temperature dependence of the band-gap
energy Eg is often described by the semi-phenomenological Varshni formula [43]:
Eg(T ) = E0−
αT 2
T +β . (2.31)
Here, E0 is the band-gap energy at zero temperature, α and β are material constants. The
latter roughly corresponds to the Debey-temperature ~ωLOkB .
After discussing the spectral features of the QW PL, the focus is laid on the tempo-
ral dependence of the spontaneous emission. As already mentioned in previous sections,
excitons and electron-hole plasma act both as sources for luminescence and are nearly
indistinguishable in the spectral lineshape. However, they behave differently with respect
to the emission dynamics. Fig. 2.7 shows the characteristic PL transients corresponding
to the radiative recombination of excitons and plasma. For the uncorrelated electrons
and holes, the probability of spontaneous emission Ieh is approximately proportional to
the product of electron and hole populations, n · p, see Eq. (2.29). This relation holds
up to high excitation densities, near the lasing threshold, where this simple dependence
fails [44]. Furthermore, the photoexcited electron and hole populations are equal in the
ideal case of an undoped semiconductor, or, when the excitation density exceeds the dop-
ing concentration. Since the radiative recombination is the only source for the carrier
decay, the time-dependent electron population n(t) obeys the following equation:
n˙(t) ∝ n2(t) (2.32)
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Figure 2.7: Characteristic transient PL from pure excitonic population and electron-hole
plasma after a pulsed excitation at t = 0.
with the solution
n(t) =
1
t
τeh
+ 1
n0
, (2.33)
leading to
Ieh(t) ∝
1
τeh
(
1
t
τeh
+ 1
n0
)2
. (2.34)
Here, n0 denotes the initial electron population and τeh is the average recombination prob-
ability. The latter is approximately defined by the Fermi´s golden rule, i.e., the dipole-
overlap of the electron and hole wavefunctions. According to the expression (2.34), the
PL from the electron-hole plasma exhibits hyperbolic behavior, see Fig. 2.7.
In contrast to plasma, the decay of excitonic PL is single-exponential, since the prob-
ability of the radiative recombination does not depend on the carrier density in case of
excitons. The PL intensity IX is thus simply proportional to the exciton population NX .
Hence, the dynamics of NX(t) follow
˙NX(t) ∝ NX(t), (2.35)
solved by
NX(t) = N0 e
− t
τ′X , (2.36)
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and yielding
IX(t) ∝ N0 e
− t
τ′X . (2.37)
N0 is the initial population and τ′X denotes the effective radiative lifetime of excitons.
In general, τ′X depends on the dipole-overlap of the wavefunctions of the exciton con-
stituents [29] as well as on the temperature of the exciton gas [45].
The excitonic recombination is illustrated in more detail in Fig. 2.8. Here, the distri-
bution of excitons is plotted as function of the center-of-mass momentum. In contrast to
the electron-hole plasma, where carriers with an arbitrary momentum k can recombine
radiatively, the excitonic recombination is restricted by momentum-conservation. When
an exciton recombines, the in-plane center-of-mass momentum Q is transferred to the
emitted photon and defines the angular direction of the PL [45]. Thus, radiative recombi-
nation is only allowed for excitons with momenta values smaller than the maximal photon
momentum q = ωX/c with the photon frequency ωX , corresponding to the exciton ground
state energy EX = ~ωX . In the literature, the momentum-interval 0 < Q < ωX/c is often
referred to as the radiative cone. Hence, only a fraction α of the complete exciton pop-
ulation NX , the so-called bright excitons, can directly recombine under the emission of
photons. The dynamics of the exciton population NX(t) thus obey:
˙NX(t) =
1
τX
αNX(t). (2.38)
Figure 2.8: Exciton distribution as function of the center-of-mass momentum in case of
instantaneous (a) and finite (b) thermalization rate. The gray area defines
the range, where the radiative recombination of excitons is allowed by the
momentum-conservation rules.
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Corresponding to Eq.( 2.36), the solution is a single-exponential function
NX(t) = N0 e
− t
τ′X , (2.39)
with
τ′X =
τX
α
, (2.40)
leading to
IX(t) ∝
1
τX
N0 e
− t ατX . (2.41)
Again, N0 defines the initial population after the excitation and exciton formation. τX is
the radiative recombination time of excitons within the radiative cone. This recombina-
tion time is determined only by the dipole-overlap of the corresponding exciton wave-
functions [29] and is usually in the range of 10 ps [46], depending on the material system.
According to Eq. (2.40), the effective lifetime τ′X is significantly longer than τX , even
when the thermalization of excitons, i.e., relaxation to the radiative cone, is assumed to be
instantaneous. Typically, τ′X is in the range of 100´s of ps to several ns [9, 46, 47] due to
the small bright exciton fraction α, in the order of 0.01 - 0.1 [45]. In addition, α decreases
even more, when the carrier temperature increases and the exciton distribution changes in
favor of higher center-of-mass momenta. In QWs, this leads to a linear dependence of the
effective radiative recombination time τ′X on the lattice temperature [9, 45]. Also, the ra-
diative recombination gets slower, when the excitation density is increased [48], resulting
in an increase of the carrier temperature via hot-phonon effect. Interestingly, the PL itself
leads to some heating of the carrier system, since only the excitons with small momenta
are "removed" from the distribution by the emission of light.
In addition, the relaxation of excitons towards the radiative cone is not instantaneous
in real material systems. The corresponding time constant τrelax is typically determined
by exciton-phonon and exciton-exciton scattering [9]. This finite relaxation time leads to
a non-thermal distribution of excitons - the so-called kinetic-hole, i.e., under-population
of states within the radiative cone, see Fig. 2.8 (b). In this case, the fraction α decreases,
leading to an increase of the effective recombination time τX . Hence, exciton recombina-
tion rate becomes dependent on the thermalization processes.
Finally, in analogy to the hydrogen atoms, excitons are found as triplets and singlets
with parallel and anti-parallel spins of the constituents, respectively. Due to the spin con-
servation, only recombination of exciton singlets with spin quantum number 1 is dipole-
allowed. Exciton triplets recombine either under the emission of two photons or after a
spin-flip process, both leading to an extremely long lifetime. In the majority of cases,
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the triplet fraction contributes in form of a weak long-living background signal or even
decays non-radiatively and is thus completely neglected.
Auger-recombination
Figure 2.9: Schematic illustration of inter-(a) and intra-band (b) Auger-recombination in
semiconductors.
The sole intrinsic non-radiative recombination in an ideal, defect-free semiconduc-
tor is the Auger-effect [49]. The mechanism is shown schematically in Fig. 2.9. An
electron-hole pair recombines under energy and momentum transfer to another carrier via
Coulomb-interaction. In case of the intra-band process, the additional carriers are excited
within one band. For the inter-band Auger-recombination, carrier scattering between dif-
ferent bands or subbands is possible. These carriers, excited via Auger-interaction, subse-
quently relax to the corresponding band minima by phonon emission thus causing heating
of the crystal lattice. Since three particles are involved in the Auger-recombination, the
recombination probability is approximately proportional to the third power of the carrier
density. In the analogy to the spontaneous emission from plasma, this simple relation
is valid only for low and intermediate carrier densities, below the lasing threshold [44].
Also, the interaction matrix-elements for different Auger-processes depend strongly on
material parameters, e.g. band alignment, effective masses, strain, etc. In a typical PL
experiment, Auger recombination becomes relevant in the high-power excitation regime
and, in the most cases, can be neglected at low excitation densities.
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Continuous-wave PL
The previous discussion of the PL properties is based on the scenario, when an ultra-short
laser pulse is used for excitation. However, CW PL spectroscopy is often applied in ex-
periments, mainly due to a broader availability of CW sources and detectors. Also, since
the Heisenberg uncertainty relation does not restrict the spectral resolution in case of CW
excitation and detection, it thus allows for high-precision measurements of the emission
energies. In addition, the carrier density is usually much lower for CW in comparison
to pulsed excitation. This becomes important when the non-linearities in the optical re-
sponse should be avoided and the properties of an "undisturbed" system are of interest.
Finally, in case of CW excitation, all processes related to the excitation, relaxation,
and recombination of carriers occur simultaneously. In a PL experiment, this leads to
stable steady-state conditions, determined by the time-constants of the above-mentioned
dynamics. Such a steady-state may include significant contributions from the coherent
polarization, non-thermal carrier populations, as well as from hot carriers with high ex-
cess energies. Therefore, it becomes more challenging to achieve well-defined conditions
in a CW PL experiment. Only if the characteristic time-constants for dephasing, thermal-
ization and cooling are much shorter than for the recombination, one can approximately
assume thermal distribution of relaxed carriers. The latter case then allows for an easier
interpretation of the experimental results.
2.1.3 Influence of dimensionality
This subsection deals with the influence of the dimensionality on the PL properties. In
principle, the majority of the processes, previously discussed in the subsection 2.1.2 for
an exemplary two-dimensional structure, apply to the three- , one- and zero-dimensional
cases as well. However, there are also characteristic effects, dependent on the specific
dimensionality of the system. The discussion, based on the text-books [9] and [10], is
focused on the most prominent phenomena, relevant for this thesis.
3D: Bulk
Figure 2.10 shows a schematic absorption spectrum of a three-dimensional semiconduc-
tor structure, or bulk. The main difference to the QW absorption is the square-root-
shaped contribution from the single-particle absorption in the plasma continuum. Also,
the Coulomb-interaction is less effective in a three-dimensional system compared to the
low-dimensional structures. As a direct result, a bulk crystal has the lowest exciton bind-
ing energy. However, the most important impact of the three-dimensional translation
symmetry on the PL properties is the self-absorption [9]. When the light-matter coupling
is strong enough, spontaneously emitted photons are quickly reabsorbed in the material,
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Figure 2.10: Schematic linear absorption of a three-dimensional bulk crystal. Single-
particle contribution is shown by the dotted line.
leading to the formation of electron-hole pairs. The latter decay radiatively under the
emission of photons which are again absorbed, and the scenario repeats. This effect is
usually discussed along the concept of light-matter quasi-particles, the so-called polari-
tons [9, 10], illustrated in Fig. 2.11 in more detail. On the left-hand side, particle energies
are plotted as function of their respective momenta. The dotted lines show the well-known
linear dispersion of photons and the quadratic dispersion of excitons. A strong exciton-
phonon coupling leads to the typical anti-crossing behavior of the corresponding energy
bands. The photonic and excitonic properties are then mixed in a new quasi-particle,
the polariton. The dispersion relation of the latter is thus composed of two bands, the
so-called upper (UPB) and lower (LPB) polariton branches.
In a typical PL scenario, polaritons with high excess energies are created by the ex-
citation pulse. They relax towards the saddle point of the LPB by emission of optical
phonons. Then, a comparably slow acoustic phonon scattering becomes the dominant
relaxation process, thus leading to the so-called phonon bottle-neck [9] in the polariton
distribution. From this point on, the majority of polartions (II) simply propagate through
the crystal. Only a few (I) are scattered to the photonic-part of the LPB and can be "emit-
ted" as photons when they reach the surface. The polariton propagation is schematically
shown in Fig. 2.11 (b). The bottle-neck polaritons as well as polaritons with high mo-
menta are scattered inside the crystal and are usually reflected at the surface since the
momentum conservation inhibits the emission of photons. However, when the polari-
ton momentum is small enough and the particle approaches the surface under an angle,
smaller than the angle of total reflection, then it can be transmitted through the surface
and thus be emitted as a photon, giving rise to the PL signal.
Under these restrictions and also by considering a finite polariton lifetime due to non-
radiative recombination in real materials, the spontaneous emission of excitons is usually
27
2 Photoluminescence spectroscopy
Figure 2.11: (a) Schematic dispersion relations of polaritons (solid lines), as well as pho-
tons and excitons (dotted lines). UPB and LPB mark the upper and lower
polariton branches, respectively. Typical polariton relaxation processes are
represented by arrows. (b) Exemplary propagation and surface recombina-
tion of polaritons in a bulk crystal.
strongly suppressed in bulk crystals. Thus, the polariton propagation effects make the
interpretation of the luminescence intensities and, in particularly, of the carrier lifetimes
especially challenging in case of a three-dimensional system. In addition, the influence of
surface-related properties should be considered, when bulk PL is discussed. Fortunately,
phonon-assisted (2.2) as well as defect-related (2.3) recombination are barely influenced
by the self-absorption. Hence, these mechanisms can be used to probe bulk emission
properties without significant contributions from the self-absorption.
2D: Quantum well
Since QW properties are discussed in-depth in section 2.1.2, this part is restricted to the
direct comparison of two-dimensional to three- , one- and zero-dimensional systems. In
contrast to bulk, the Coulomb-interaction is more efficient in a two-dimensional structure,
leading to an increase of the exciton binding energy. Also, the light-matter coupling is
stronger due to a higher dipole-overlap of the electron and hole wavefunctions, as a re-
sult of the carrier confinement. The linear absorption, shown in Fig. 2.12, exhibits the
previously mentioned excitonic features as well as a spectrally flat plasma continuum.
Furthermore, characteristic for all low-dimensional systems, subbands with discrete en-
ergy levels appear due to the carrier confinement (not shown here). The number of the
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Figure 2.12: Schematic linear absorption of a two-dimensional QW. Single-particle con-
tribution is shown by the dotted line. The direction of light emission is
marked by the arrow in the sketch of the structure; aB denotes the excitonic
Bohr-radius.
subbands, as well as their specific spectral positions are determined by the depth and the
shape of the confinement potential.
In a QW, the PL emission is generally not restricted by polariton propagation effects,
since the translation symmetry and also momentum conservation are lifted in the z-
direction, perpendicular to the QW plane. Photons are thus free to leave the material
without reabsorption, as long as their z-momentum is non-zero. However, the in-plane
light-matter coupling leads to the polariton formation and propagation parallel to the QW
plane. Hence, the previously discussed bulk scenario applies, when the edge-PL from a
QW is considered.
1D: Quantum wire
Quantum wires are one-dimensional systems with carriers confined in two dimensions.
An illustration of the linear absorption is shown in Fig. 2.13. The Coulomb-correlations
are especially strong in quantum wires and result in a further increase of the exciton
binding energy in comparison to a QW. Interestingly, the Coulomb-enhancement of the
continuum states is negative in one-dimension [10], leading to a decrease of the plasma
absorption in comparison to the single-particle picture. The overall shape of the linear
absorption thus becomes similar to that of a QW. In general, the PL properties of quantum
wires also mimic the QW behavior. The PL emerges from the sides of the wire and the
polariton propagation affects only the light emission along the respective length.
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Figure 2.13: Schematic linear absorption of a one-dimensional quantum wire. Single-
particle contribution is shown by the dotted line. The direction of light emis-
sion is marked by the arrows in the sketch of the structure; aB denotes the
excitonic Bohr-radius.
0D: Quantum dot
In quantum dots, carrier propagation is strongly limited in all three dimensions. This
results in a discrete density of states (DOS), similar to atomic and molecular systems.
Quantum dots are therefore often referred to as artificial atoms in the literature. A typical
absorption spectrum in the vicinity of the excitonic ground state is shown in Fig. 2.14. In
stark contrast to higher-dimensional systems, the spectrum is a series of Lorentzian peaks
without continuum absorption. The absolute emission energy as well as the strength
of the light-matter interaction, i.e., dipole-overlap of the electron-hole wavefunctions,
are strongly dependent on the shape and the size of the quantum dot. In addition, the
Coulomb-interaction is particularly strong for quantum dots and leads to a significant
shift of the discrete transitions towards lower energies [11]. Furthermore, contributions
from higher correlation effects, such as bi-excitons or even trions, significantly influence
the emission spectra as well as the decay of the luminescence. These effects are most
prominent for intermediate and high carrier densities. Also, due to the discrete energy
levels and Pauli-blocking, the ground state of a quantum dot is saturated already at low
excitation densities. Thus, the emission is often dominated by the PL from excited states
and/or above-mentioned correlations. In addition, the luminescence properties are not in-
fluenced by polariton propagation, which is self-evident due to the structure’s dimensions.
Finally, in an ideal quantum dot, the PL is isotropic, i.e., is emitted in all spatial directions.
However, real materials often show PL properties, deviating from the ideal behavior, due
to the major challenges in growth and processing of zero-dimensional systems.
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Figure 2.14: Schematic linear absorption of a zero-dimensional quantum dot. The single-
particle contributions are shown by the dotted lines. The direction of light
emission is marked by the arrows in the sketch of the structure; aB denotes
the excitonic Bohr-radius.
2.2 Role of phonons, internal fields, and the dielectric
environment
Following the general discussion of the intrinsic PL properties of semiconductors, this
section focuses on more specific phenomena: the first part deals with the phonon-assisted
emission and, especially, with the influence of Coulomb-mediated many-body effects.
Then, the impact of the internal electric fields on carrier dynamics and recombination
processes in polar heterostructures is discussed. It is followed by the illustration of the PL
from materials, embedded in a specific dielectric environment. Finally, the influence of
the band-structure is briefly treated, focusing on the dipole selection rules and the radiative
recombination in indirect semiconductors. The overall selection of topics reflects the
background, essential for the interpretation of the experimental results, discussed in this
thesis.
2.2.1 Phonon-assisted emission
In general, the interaction between electrons and lattice vibrations strongly influences
the dynamics of charge-carriers in a semiconductor, and therefore the PL properties. The
most prominent phenomena associated with the electron-phonon coupling are already dis-
cussed in sections 2.1.1 and 2.1.2. These include polarization dephasing, thermalization,
as well as cooling of the carrier system via inelastic and elastic phonon scattering. The
influence of the phonon-assisted dephasing, for example, is directly observable in the tem-
perature dependence of the homogeneous PL linewidth, see Eq. (2.30). In addition, for
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Figure 2.15: An illustration of the phonon-assisted luminescence process. The scattering
of carriers on the LPB of the exciton-polarition dispersion under LO-phonon
emission is shown on the right-hand side. The corresponding PL spectrum is
plotted schematically on the left-hand side.
material systems with particularly strong carrier-phonon coupling, the carrier scattering
with LO-phonons leads to the appearance of distinct spectral signatures in the emission
spectra. These features, the so-called phonon-sidebands (PSBs) [9], emerge on the low-
energy side of the main PL peak, and are roughly separated by multiple integers of the
LO-phonon energy. An illustration of the PSB emission in a bulk crystal is schematically
shown in Fig. 2.15 in polariton picture. Here, exciton-polaritons are thermally distributed
on the LPB, resembling the typical scenario following the thermalization after pulsed,
non-resonant excitation. As already discussed in the previous section 2.1.3, only the po-
laritons with sufficiently small momenta are emitted as photons at the crystal surface.
These bright polaritons lead to the appearance of the main PL peak at the excitonic reso-
nance EX , the so-called zero-phonon-line (ZPL). Again, this transition is usually strongly
supressed in bulk crystals due to the polariton propagation effects, see discussion in 2.1.3.
The rest of the polaritons with higher momenta values can not leave the crystal directly
as photons and thus remain "dark". However, they can scatter to the photonic part of the
LPB under the emission of LO-phonons. Then, they propagate freely through the crystal
and are emitted as photons at the sample surface. This leads to the emergence of multiple
PL peaks, i.e., PSBs, around EX − n ·~ωLO, depending on the number n of the emitted
LO-phonons with the respective frequency ωLO. The spectral shape of the PSBs reflects
the distribution of polaritons in momentum space and is thus asymmetric with a flat high-
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energy side, compared to the ZPL. The carrier-phonon coupling parameter is usually ex-
tracted from the PSB spectra by evaluating the so-called Huang-Rhys factor S [50]. This
quantity corresponds to the average probability of the LO-phonon-emission during the
radiative recombination of an electron-hole pair. The Huang-Rhys factor is obtained from
the spectrally integrated photoluminescence intensities of the PSBs as follows [50, 51]:
Sn = IPSBn
IZPL
n! . (2.42)
IZPL and IPSBn are the respective luminescence intensities of the ZPL and the n-th PSB
with n as the number of LO-phonons participating in the scattering process.
Typically, PSBs are used to probe carrier-phonon interaction [52, 53] as well as various
properties of the carrier system, e.g., a non-thermal distribution [34] or the temperature
of thermalized carriers [54]. The traditional theoretical description of the phonon-assisted
emission is based on the perturbative, quasi-single-particle approach [55]. Within this
approach, the only source of the PSBs is the excitonic population, with excitons treated
as purely bosonic quantities. However, the luminescence properties of the semiconductor
are strongly influenced by the many-body interactions due to the Coulomb-scattering, see
section 2.1.1. This is also predicted to be the case, when phonon-assisted emission is
concerned. Here, the Coulomb-effects lead to a significant change in the interpretation of
the PSB emission. Hence, the following discussion is based on the microscopic many-
body theory, extended for the description of the PSB luminescence [11, 56, 57]. It starts
with a brief illustration of the theoretical background, including phonon-assisted SLE and
possible approximative approaches. The theoretical predictions are then subdivided into
the discussion of the luminescence sources and the interaction mechanisms.
Microscopic approach
The carrier-phonon coupling enters the SLE in the scattering term of the Eq. (2.23):
i~
∂
∂t ∆〈B
†
qz,qa
†
v,k−qa
†
c,k〉|scatt =~ωLO ∑
p
[gc,p∆〈B†q(D−p +D†p)a
†
v,(k+ph)−(q+p)h
a
†
c,(k+ph)−(q+p)e
〉
−gv,p∆〈B†q(D−p +D†p)a
†
v,(k+ph)−(q+p)h
a
†
c,(k−pe)+(q+p)e〉]
+i~
∂
∂t ∆〈B
†
qz,qa
†
v,k−qa
†
c,k〉|Coulomb (2.43)
Here, gc,p and gv,p are the matrix elements for the LO-phonon interaction with electrons
and holes, respectively. The coupling to the TO-phonons is negligible, since the lattice
perturbation by charged carriers is mainly composed of longitudinal vibrations, see the
discussion of polarons in Ref. [9] and the references within. Again, ~ωLO denotes the
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LO-phonon energy. The renormalization of momenta is defined according to
p˜e/h =
me/h
me +mh
p˜ (2.44)
for an arbitrary momentum p˜ and the effective masses me and mh of the electrons and
holes, respectively. The first term on the right-hand side of the Eq. (2.43) accounts for the
radiative recombination of carriers under the emission and absorption of phonons. The
corresponding expectation values are the so-called phonon-photon-assisted polarizations
∆〈B†D† a†a†〉 and ∆〈B† Da†a†〉. Since the typical LO-phonon energies are on the order
of 30 meV to 100 meV [36], the phonon occupation number is negligible under the typical
experimental conditions, especially at low lattice temperatures. Therefore, it is sufficient
to consider only the processes involving phonon emission. The corresponding equation
of motion for the polarization ∆〈B†D† a†a〉 then reads:
i~
∂
∂t ∆〈B
†
qD
†
pa
†
v,k−(q+p)h
a
†
c,k+(q+p)e〉=
= [ε˜k(q)−~ωq−~ωLO]∆〈B†qD†pa
†
v,k−(q+p)h
a
†
c,k+(q+p)e〉
+ iF [ f hk−(q+p)h ∆〈D†pa
†
c,(k+qe)−pha
†
c,(k+q)e+pe〉
− f ek+(q+p)e ∆〈D†pa
†
v,(k−qh)−ph
a
†
v,(k−q)h+pe
〉
+∑
k′
∆〈D†pa
†
c,k′+qea
†
v,k−(q+p)h
a
†
c,k+(q+p)ea
†
v,k′−qh〉]
+ Θstim +ΘCoul +[Θnum +Θ0]+Θph−corr. (2.45)
In analogy to the Eq. 2.23 in the SLE, the first term on the right-hand side accounts
for Coulomb-renormalization effects as well as for the excitonic correlations. The second
term includes spontaneous emission terms due to the uncorrelated as well as the correlated
electrons and holes. The stimulated emission, Θstim, enters the first of the five scattering
terms Θ and is usually neglected under typical experimental conditions, when no cavity is
applied. The next term, ΘCoul , describes Coulomb-scattering effects and is approximated
by phenomenological damping for the analysis of the PSB emission. Higher-order corre-
lations, Θnum and Θ0, depend on phonon occupation numbers and carrier densities in the
third or even higher power, and are thus neglected for low lattice temperatures and excita-
tion densities. Finally, the last contribution Θph−corr accounts for the coupling of the one-
phonon-photon-assisted polarization ∆〈B†D† a†a〉 to the two-phonon-photon-assisted po-
larizations, i.e., ∆〈B†D†D† a†a〉. The Eqs. (2.43) and (2.45) extend the Eqs. (2.22), (2.23),
(2.24), and (2.25) from the section 2.1.1 to the so-called phonon-assisted SLE.
In principle, the illustrated microscopic approach in electron-hole picture allows calcu-
lation of PSBs of arbitrary order. Due to the coupling of the n-th PSB to the (n+1)-th PSB,
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the necessary order of cluster expansion is (m+2) for the m-th PSB order. However, with
all terms consistently included, the solution of the phonon-assisted SLE would exceed
the resources of current supercomputers already for the computation of the second side-
band [11]. Therefore, the theory has to be further simplified by additional approximations.
One possibility is the calculation of the PSBs within the so-called polaron-picture [56].
Polaron is a quasi-particle composed of a charge carrier and a "phonon-cloud", surround-
ing it [9]. The polaron-picture is introduced via the unitary transformation of the Hamilton
operator H = T HT † with
T ≡ exp∑
k,p
gp a†k−pa
†
k(D
†
p−D
†
−p). (2.46)
All details concerning the transformation and derivation of the equations of motion are
given in Ref. [56]. The polaron approach simplifies the hierarchy of multi-phonon contri-
butions and allows for the calculation of the PSBs with arbitrary order with a manageable
numerical effort. The only disadvantage of this approximation is the underestimation of
the polar carrier-phonon interaction. However, when the latter does not play a significant
role, the predictions in the polaron-basis converge towards the exact results of the SLE
solved in the initial electron-hole picture.
An alternative way to reduce the complexity is to apply the approximations, already
introduced for the analytical solution of the SLE, i.e., the Elliott formula 2.28. The ap-
proximations assume a quasi-steady-state regime with constant thermal carrier distribu-
tions. Also, in analogy to the discussion in section 2.1.1, the regime of low densities and
small broadening is considered. In addition, it is sufficient to consider only the excitonic
1s ground state for the proper description of the PSBs. The phonon-assisted SLE are then
solved in the exciton-basis [10]:
|Xν,Q〉= ∑
k
φν(k)a†c,k+Qea
†
v,k−Qh|G〉. (2.47)
Here, |G〉 denotes the ground state of the semiconductor, φν(k) the excitonic wavefunc-
tions for the excited states ν, i.e, the solutions of the so-called Wannier equation [9, 10],
and Q - the center-of-mass momentum. When plasma contributions are neglected, the
results of the phonon-assisted SLE in the exciton-basis correspond to the perturbative
treatment, illustrated in Ref. [55].
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Luminescence sources
For the discussion of the luminescence sources, we use the analytical solution of the
phonon-assisted SLE in the exciton-basis [11]. The overall PL intensity is then given by:
IPL(ωq) = I
(0)
PL (ωq)+ I
(1)
PL (ωq), (2.48)
with the ZPL contribution
I(0)PL (ωq) =
2F 2q
~
|φ1s(r = 0)|2 Im
[
∆Nexc1s (q)+Neh1s (q)−N
PSB1
1s
E1s−~ωq− iγ
]
, (2.49)
and the intensity of the first PSB, under additional approximation of small exciton center-
of-mass momenta Q, i.e., low temperatures:
I(1)PL (ωq) =
2F 2q
~
|φ1s(r = 0)|2 Im
[
∑
Q
|∆gQ|2
Nexc1s (Q)+Neh1s (Q)
E1s−~ωLO−~ωq− iγ
]
. (2.50)
Again, Fq denotes the light-matter coupling constant, φ1s the excitonic wavefunction,
E1s the absolute energy of the exciton ground state, and γ a phenomenological damp-
ing. The photon and LO-phonon energies are ~ωq and ~ωLO, respectively. ∆gQ accounts
for the carrier-phonon coupling strength and is discussed in 2.2.1 in more detail. Equa-
tion (2.49) for the ZPL intensity basically resembles the Elliott formula from (2.28) for the
1s luminescence. Excitons, Nexc1s (q), within the radiative cone as well as plasma, Neh1s (q),
both contribute to the spontaneous emission under the conservation of the momentum q.
The emission is centered at the excitonic transition E1s and is homogeneously broadened
with γ. A small deviation from the Eq. (2.28) is the renormalization of the overall ZPL
intensity by NPSB11s due to the phonon-assisted recombination of electron-hole pairs. The
spectrally integrated PL intensity is thus "distributed" among the ZPL and the PSBs.
The structure of the PSB contribution (2.50) is also similar to the original Elliott for-
mula (2.28). However, in contrast to the ZPL luminescence, electron-hole pairs with arbi-
trary momenta Q contribute to the PSB emission. Combined with the momentum depen-
dence of the interaction matrix-element ∆gQ this determines the asymmetric line-shape of
the PBSs, i.e., pronounced high-energy flanks due to the distribution of carriers in momen-
tum space. It also leads to the temperature dependence of the energy spacing between the
PL maxima of the ZPL and PSB1 peaks. According to the denominator in the Eq. (2.50),
the PSB1 maximum is shifted by the LO-phonon energy ~ωLO from the main excitonic
transition E1s at zero temperature. As the temperature increases, the maximum shifts lin-
early towards higher energies, following the broadening of the carrier distribution. Here,
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Figure 2.16: Calculated spectra of the ZPL and the first two PSBs from localized and free
carriers, plotted in (a) and (b) for the lattice temperatures of 10 K and 300 K,
respectively. The data is taken from the Ref. [11]. (c) Schematic illustration
of the temperature dependence of the energy spacing between the ZPL and
the first PSB.
the microscopic calculations qualitatively agree with the perturbative result [55]:
EPSB1 = EZPL−~ωLO +∆ · kBT. (2.51)
The factor ∆ = 3/2 is given for the first PSB in the Ref. [55]. This temperature depen-
dence of the ZPL-PSB1 spacing can be used to characterize the PL sources in terms of
spatial localization. Equation (2.51) holds for free, delocalized carriers and is based on
the momentum conservation rule, applied for the ZPL luminescence. As it is already dis-
cussed in 2.1.2, the corresponding PL maximum is then defined by the radiative cone in
the carrier distribution, i.e., exciton center-of-mass momentum Q = q≈ 0. In contrast to
that, since the propagation of localized carriers is restricted to a length ∆x in real-space,
it leads to the relaxation of the momentum conservation rule according to the Heisenberg
uncertainty relation
∆x∆Q ≥ 1
2
. (2.52)
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Figure 2.17: Direct comparison between the calculated PL spectra from Ref. [11] of
phonon-assisted emission from excitons and plasma.
The excitonic ZPL luminescence for higher center-of-mass momenta Q≥ 0 thus becomes
an equally possible process, compared to the PSB1 PL. In this case, the spacing between
the ZPL and the first PSB, EZPL−EPSB1 , is determined only by the LO-phonon energy and
not by the carrier distribution. Therefore, it does not exhibit any pronounced temperature
dependence.
Calculated PSB spectra from Ref. [11] for localized and free carriers are plotted in
Fig. 2.16 (a) and (b) for the lattice temperatures of 10 K and 300 K, respectively, for direct
comparison. The energy spacing between the ZPL and the first PSB is schematically
shown in Fig. 2.16 (c) as function of temperature. In an experiment, this temperature
dependence thus can be used as a characteristic signature for the emission from localized
or free carriers. Furthermore, the maximum temperature Tmax for the relaxed momentum
conservation defines the uncertainty ∆Q, when the band structure of the semiconductor is
known. Hence, it allows for the estimation of the upper limit of the average localization
length ∆x, by simply using Eq. (2.52).
Aside from the effect of carrier localization, the intrinsic sources of the PSB lumines-
cence appear in the numerator of the Eq. (2.50). These are fully correlated electron-hole
pairs, i.e., excitons Nexc1s , as well as electron-hole plasma Neh1s . Since both sources share
the same denominator, i.e., basically the same energy dependence of the PL intensity, they
cannot be distinguished directly in the emission spectra, as illustrated by the calculation
results from [11], shown in Fig. 2.17. Hence, according to the microscopic theory, the
appearance of the PSBs cannot be considered as an unambiguous signature for the ex-
citonic population. The PSBn PL from plasma at the excitonic resonances E1s - n ·~ωLO
thus strongly contradicts the assumptions of the widely used perturbative treatment. The
corresponding experimental proof is part of this thesis work and is given in chapter 4.1.
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Interaction mechanisms
Figure 2.18: Schematic illustration of electron-phonon coupling mechanisms: polar
Fröhlich interaction (a) and deformation potential scattering (b).
The inelastic scattering of charge carriers with optical phonons is commonly treated
in terms of two different interactions. The first and, presumably, the most prominent
mechanism is the so-called Fröhlich-coupling [58, 59, 60]. A schematic illustration is
given in Fig. 2.18 (a). Here, an LO-phonon, i.e., the relative displacement of oppositely
charged ions within the unit cells of a polar lattice, produces macroscopic polarization
∆P. Then, a single electron or hole couples directly to ∆P via Coulomb-interaction. The
corresponding band-independent matrix elements for Fröhlich-scattering are [58]
∣∣∣gFroehlichc,p ∣∣∣2 = ∣∣∣gFroehlichv,p ∣∣∣2 = e2ε0L 32~ωLO 1|p|2
[
1
ε(∞)
−
1
ε(0)
]
. (2.53)
Again, p is the transferred momentum between a charge carrier and a phonon and ~ωLO
- the LO-phonon energy. The expression further includes elementary charge e, vacuum
dielectric constant ε0, as well as the three-dimensional normalization volume L 3. ε(∞)
and ε(0) denote the dielectric constants for high- and low-frequencies, respectively. Since
Fröhlich-interaction is mediated by the Coulomb-potential, it is long-ranged in real space
and thus according to Fourier-transformation, short-ranged in momentum space. This ist
manifested in the reciprocal momentum dependence of the interaction strength, schema-
tically plotted in Fig. 2.19. The interaction is thus most efficient at transferring small
momenta between charge carriers and phonons.
The second carrier-phonon scattering mechanism is based on the deformation of the
atomic lattice by a phonon, see Fig. 2.18 (b) for illustration. The variations of the bond
lengths and angles locally change the electronic band energies. This leads to to the indirect
interaction of the phonon with a charge carrier via modulations of the periodic lattice
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Figure 2.19: Carrier-phonon interaction strength, shown schematically as function of
transferred momentum for Fröhlich interaction and deformation-potential
coupling.
potential ∆V. The process is known as deformation potential scattering. [9, 61, 62]. The
interaction is strongly band-dependent, i.e., the corresponding matrix elements vanish in
direct semiconductors for the scattering of conduction-band electrons with LO-phonons
due to symmetry arguments [63, 64]. The coupling strength is given by
∣∣∣gDe f . pot.v,p ∣∣∣2 = 12ρL 3~ω3LO (M1 +M2)
2
2M1M2
|dv|2
a2
,
∣∣∣gDe f . pot.c,p ∣∣∣2 = 0, (2.54)
where ρ is the density of the material, M1 and M2 - the masses of the two base atoms, ~ωLO
- the LO-phonon energy, and L 3 - the three-dimensional normalization volume. p denotes
the optical deformation potential constant, and a is the lattice parameter. In contrast to the
Fröhlich-coupling, the deformation potential scattering is a local interaction in real space
and therefore does not depend on the transferred momentum p, c.f. Fig. 2.19.
When the absolute interaction strengths of the two mechanisms are compared, Fröhlich-
coupling is known to dominate carrier-phonon scattering in compound materials such as
GaAs and GaP with polar contributions to atomic bonds [9, 64]. Also, it is particularly
strong in wide-gap materials, like CdS, ZnO, and GaN. In addition, Fröhlich-interaction is
commonly applied to describe surface-related phonon scattering [65], vibrational proper-
ties of low-dimensional systems [66], and coupling to polarons [67]. Deformation poten-
tial mechanism determines the carrier scattering with LO-phonons in non-polar materials
like Si or Ge [64, 68]. It is usually neglected in polar semiconductors due to the rather
weak interaction strength in comparison to the Fröhlich-coupling.
However, the many-body effects due to the carrier-carrier Coulomb-scattering intro-
duce significant modifications to the relative contributions of the carrier-phonon inter-
action mechanisms. Fig. 2.20 illustrates the influence of Coulomb-effects on Fröhlich-
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Figure 2.20: Illustration of Fröhlich-scattering mechanism in the presence of carrier-
carrier Coulomb-interaction. Uncorrelated charge carriers (a) as well as ex-
citons (b) couple to the electric field of a LO-phonon.
interaction. Even when the coupling to the electric field of a LO-phonon is strong for
the uncorrelated carriers (Fig. 2.20 (a)), it becomes ineffective when electrons and holes
are bound to excitons (Fig. 2.20 (b)). In the latter case, the Coulomb-forces, acting on the
exciton constituents, should compensate each other due to the opposite charges of elec-
trons and holes. Thus, polar interaction with LO-phonons should be strongly suppressed,
when excitons are considered. Within the framework of the microscopic approach, this
behavior is reflected in the structure of the carrier-phonon interaction matrix elements Gp,
written in the exciton-basis:
Gp = ~ωLO ∑
Q
φ(Q+pe) [gc,p φ(Q+p)−gv,p φ(Q)]⋆ . (2.55)
According to the previously used notation, φ is the exciton wavefunction in momentum
space, p the transferred momentum, ~ωLO the LO-phonon energy, and Q the center-of-
mass momentum. The expression (2.55) easily shows that one observes only a weak Fröh-
lich contribution of the phonon interaction in case of band-independent single-particle
matrix elements gc,p = gv,p. In particular, the interaction strength is strongly suppressed
for small phonon momenta p, i.e., when φ(Q+p)≈ φ(Q). Notably, the absolute strength
of Fröhlich interaction gc/v,p can be still rather high for the same specific conditions,
p ≈ 0. This fact renders the polar scattering mechanism being strong but ineffective in
case of excitons. In contrary, since the deformation potential scattering is a non-polar
coupling, it is only marginally changed for excitons or other correlated many-body states
compared with the individual carrier interaction. Hence, it should be possible to observe
deformation potential-dominated PSB emission even in polar semiconductors with strong
Fröhlich-coupling. The corresponding experimental evidence is part of this thesis work
and is given in chapter 4.2.
The contributions of the two interaction mechanisms are distinguished by the specific
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Figure 2.21: Exemplary, calculated PSB2/PSB1 ratios as function of temperature for the
two different carrier-phonon interaction mechanisms. The data is taken from
Ref. [11].
temperature dependence of the PSB intensity ratios, exploiting the characteristic mo-
mentum dependencies of the respective interaction matrix elements. According to the
phonon-assisted SLE, the intensities of the first two replica, PSB1 and PSB2, depend on
the phonon-matrix elements G in the second and fourth power, respectively [11]. Thus,
the ratio between the PSB2 and PSB1 is roughly proportional to G2. In general, it is de-
termined by the distribution of carriers in momentum space, i.e., the carrier temperature,
and by the dependence of G on the transferred momentum. As the temperature increases,
excitonic states with higher momenta are populated. For the momentum-dependent Fröh-
lich interaction, the corresponding phonon-matrix elements G decrease for increasing mo-
menta, c.f. Fig. 2.19. Thus, one expects the PSB2/PSB1 ratio to decrease with increasing
temperature when polar exciton-phonon coupling dominates the scattering processes. In
case of the momentum-free deformation-potential, however, the phonon-matrix elements
become constant factors in the PSB intensities. Hence, the ratio PSB2/PSB1 does not de-
pend on the transferred momenta and therefore on the carrier temperature. As a result, the
carrier temperature dependence of the PSB-emission ratios, schematically illustrated in
Fig. 2.21, offers an experimentally accessible method to identify the nature of the exciton-
phonon interaction. Also, as an additional advantage, the ZPL intensity can be neglected
in this analysis thus allowing for accurate PL studies of bulk semiconductor crystals.
2.2.2 Internal electric fields
Possible influence of static electric fields should always be considered when optical prop-
erties of semiconductor heterostructures are studied. The electric fields are either applied
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Figure 2.22: Influence of the QCSE on the energy levels and wavefunctions of carriers,
confined in a QW. Zero field scenario, the effect of QCSE, as well as of
partially screened QCSE are shown in (a), (b), and (c), respectively.
externally or they are intrinsically present due to the specific properties of the respective
material. Here, the discussion is focused on the internal fields, relevant for the analysis
of the experimental studies within the framework of this thesis. These fields result from
spontaneous polarizations or from the piezoelectric effect [69]. The former occurs in po-
lar semiconductors with a characteristic asymmetry in their crystal structure, resulting in
a finite dipole moment for every unit cell. Most prominent example of such materials are
wurtzites like ZnO or GaN [70]. In case of the bulk crystals, the microscopic polariza-
tion contributions compensate each other. However, they become important in structures
of reduced dimensionality. Then, the effective interface-charges lead to a finite macro-
scopic polarization and thus to an effective electric field. The piezoelectric effect, on the
other hand, describes the appearance of electric fields due the lattice distortion. In het-
erostructures, the latter is typically caused by strain, when materials with different lattice
constants are grown on top of each other.
Figure 2.22 illustrates the influence of the electric field on the carrier energies and wave-
functions in an exemplary QW structure. The initial QW structure without an internal field
is shown in (a). Confined electron and hole states are labeled by e1 and h1, respectively.
The energy of the ground state transition is denoted by E0. When a static electric field is
introduced, see Fig. 2.22 (b), the carrier energy levels shift, and the wavefunctions become
asymmetric due to the altered potential profile. In analogy to the well-known Stark ef-
fect in atomic systems, this phenomenon is commonly labeled as quantum-confined Stark
effect (QCSE) [71, 9]. The shift of the energy levels leads directly to the decrease of the
band-gap EQCSE and thus of the PL energy. Since the strength of the internal fields can
reach considerable magnitudes up to several MV / cm [72], the PL maximum of a QW can
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Figure 2.23: PL transients of a QW emission after pulsed excitation in case of the zero-
field scenario, QCSE, as well as of screened QCSE.
easily shift below the bulk value due to the QCSE. In addition, the decrease of the dipole-
overlap of the electron and hole wavefunctions leads to a lower coupling strength of the
QW to the light-field, i.e., to slower radiative recombination. Also, the exciton binding
energy decreases due to the spatial separation of carriers. In general, the overall strength
of the QCSE-related effects increases with the magnitude of the internal field as well as
with the width of the QW.
In a PL experiment, the influence of QCSE on the emission properties is most promi-
nent at low carrier densities. However, as the density of the photoexcited carriers in-
creases, the static electric field is successively screened by charged electrons and holes [10,
73]. The characteristic time scale τS for the build-up of screening roughly corresponds to
the inverse plasma frequency ωpl [9, 74]:
τS ≈ ω
−1
pl =
(
e2 n
m∗ε0ε
)−1/2
(2.56)
Here, e is the elementary charge, n - the carrier density, m∗ - carrier effective mass, ε0
- vacuum dielectricity, and ε - the dielectric constant of the semiconductor. As a result
of the screening, the effective electric field is reduced and the QCSE-phenomena are
weakened, see Fig. 2.22 (c). The carrier ground states shift to higher energies and the
spatial separation of the electrons and holes decreases. Hence, the light-matter coupling
becomes stronger and the radiative recombination rate increases.
The impact of QCSE on carrier dynamics is illustrated in Fig. 2.23. Characteristic PL
transients after a pulsed excitation are shown for the three cases of the zero-field scenario,
the QCSE, as well as of the screened QCSE. A single-exponential decay of excitons is as-
sumed for the unperturbed QW. In case of the QCSE, the decay is significantly longer due
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to the weaker dipole-coupling, yet the dynamics still remain single-exponential. However,
when the QCSE is screened, the carrier recombination becomes again fast, but only short
after the excitaiton. At the later times, the carrier density and thus the amount of screen-
ing decrease. Then, the decay rate approaches low-density conditions of an unscreened
QCSE, leading to a non-exponential PL transient.
2.2.3 Influence of the dielectric environment
In most PL experiments, the dielectric environment is basically the interface between the
material under study with the refraction index n , higher than 1, and the air or vacuum
with n ≈ 1. Aside from reflection (see Fig. 2.11) , the influence of this interface on the
PL properties is rather weak, especially for low-dimensional structures. However, there
are specific cases when the dielectric surroundings of the sample can not be neglected.
In particular, active materials, processed for the integration in an optical device, e.g., in a
laser, are often embedded in a complex dielectric structure. The latter strongly affects the
emission properties [75, 76] and should always be considered to avoid possible misinter-
pretations of the experimental data.
In this subsection, the influence of the dielectric environment is discussed for an ex-
emplary case of a QW inside a Fabry-Perot resonator [77]. The PL from a free-standing
QW is schematically plotted in Fig. 2.24 (a). The asymmetric broadening of the sample
emission represents the case of high carrier densities [24, 39], corresponding to the typical
excitation conditions of a laser device. The dielectric structure of the Fabry-Perot cavity
is represented by the reflection spectrum, shown in Fig. 2.24 (b). In contrast to vacuum,
there are allowed and forbidden modes of the electric-field, i.e., photon states, inside the
resonator. Here, the mode structure is determined by the Fabry-Perot conditions [77].
The photon states within the cavity are quantized; the respective energies correspond to
the minima in the reflection spectrum. Hence, only these photons are allowed to enter
the resonator, the rest is simply reflected. In addition, according to the Heisenberg un-
certainty principle, the transmission peaks are homogeneously broadened due to the finite
lifetime of the photons, determined by losses inside the cavity. In analogy to the reflec-
tion, the emission of photons within the resonator is only allowed when their energies
match the cavity-modes. Thus, the initial PL spectrum is modified according to the di-
electric structure. As shown in Fig. 2.24 (c), the QW emission now exhibits a series of
peaks, centered at the reflection minima of the resonator. The relative amplitudes of the
peaks are determined by the original spectral shape of the PL, c.f. Fig. 2.24 (a).
Within the framework of the microscopic many-body theory, the dielectric surround-
ings of a semiconductor determine the photon dispersion ~ωq from Eq. (2.4) in section
2.1.1. The resulting higher-order effects, such as the coupling between the cavity-modes
and the active material are beyond the scope of the phenomena studied in this thesis and
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Figure 2.24: Schematic illustration of the influence of the dielectric environment on the
PL emission for the exemplary case of a QW inside a Fabry-Perot resonator:
(a) PL spectrum of the free-standing QW, (b) reflection spectrum of the di-
electric structure, (c) emission of the QW, modified by the cavity. Allowed
resonator modes are shown by the dashed arrows.
are thus omitted. The reader is referred to [25] for further details. Approximatively, the
impact of the specific mode-structure on the PL emission is treated by multiplying the PL
intensity IPL by the so-called filter function Fq, see Ref. [78]:
Idiel.PL (ωq) = Fq
[ ∂
∂t ∆〈B
†
qB
†
q〉
]
. (2.57)
As in the Eq. (2.21), B†q and B†q are creation and annihilation operators of photons with
momenta q, respectively. Fq is computed by evaluating the reflection and transmission of
light in the dielectric environment.
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2.2.4 Impact of the band structure
The subsection briefly summarizes the influence of the specific band structures on the PL
properties. Since the corresponding scientific field is rather broad [9], the discussion is
focused on the topics, relevant for this thesis: dipole selection rules and the luminescence
in indirect-gap semiconductors.
Selection rules
In general, the dipole selection rules define the conditions, when the radiative dipole ma-
trix element Fq, see Eq. (2.7) is non-zero. They are mainly based on symmetry argu-
ments but also incorporate momentum conservation, e.g., the well-known relation for the
change of the magnetic quantum-number [42]: ∆m = ±1. The selection rules determine
the transitions, directly accesible in absorption and emission of single photons. In QWs,
for example, the conservation of the quantization number allows only the excitation and
recombination of electrons and holes within the subbands en and hn with equal indices
n, c.f. Fig. 2.3. In addition, dipole rules may also imply a specific polarization of the
incident and emitted electric field. This last point is most important for the experiments
discussed in chapters 4 and 5.
A schematic illustration of the dipole-allowed transitions is shown in Fig. 2.25 for
the two, presumably most-prominent, direct-gap semiconductor crystal structures: zinc-
blende (e.g. GaAs, AlAs, InAs) and wurtzite (e.g. GaN, CdS, ZnO) [27]. In case of
the zinc-blende crystalls (a), the interband transitions couple to the circulary polarized (σ)
photon eigenstates, according to the conservation rule ∆m = ±1. The exact rotating di-
rection of the electric field only defines the electron and hole population with specific
spin quantum-numbers [79]. However, aside from the spin populations, transitions from
all valence bands, i.e., the heavy-hole (hh), the light-hole (lh), and the split-off (so) to the
conduction band can be excited with arbitrary polarized light due to the cubic symmetry
of the crystal structure [36].
The hexagonal wurtzite lattice exhibits an intrinsic asymmetry in one spatial direction,
the so-called c-axis [27]. This leads to the splitting of the two top-most valence bands,
degenerated in case of a symmetric zinc-blende structure. The valence bands are usually
labeled from top to bottom by A, B, and C [36]. The asymmetry also implies specific
selection rules for the polarization of the absorbed and emitted light with respect to the c-
axis. For all valence bands, the optical transitions require linearly polarized (pi) light. The
A-band couples only to the electric-field E, perpendicular to the c-axis. In contrast to that,
the excitation of the C-band holes requires light, which is polarized co-linearly with the c-
axis. The B-band is accessed with both polarizations with equal transition probabilities. A
small deviation from these selection rules, typical to the standard wurtzite semiconductors
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Figure 2.25: Simplified illustration of zinc-blende (a) and wurtzite (b) band structures in
momentum space. The arrows show the dipole-allowed transitions with the
corresponding selection rules for the polarization of the light field E. Circu-
lar polarization is represented by σ and linear polarization by pi. "hh", "lh"
and "so" denote the heavy-hole, light hole, and split-off bands, respectively.
The valence bands in the wurtzite strucutre are typically labeled "A", "B"
and "C".
like GaN or CdS [80], occurs in case of the ZnO. Here, the B-band couples only to the
perpendicularly polarized light with respect to the c-axis [81, 82], in analogy to the A-
band. This issue was partly responsible for the controversial discussions of the valence
band symmetries in ZnO [81, 83, 84].
Indirect-gap semiconductors
The discussion in the previous sections is based on the properties of direct-gap semicon-
ductors. Here, the influence of an indirect band-gap on the light emission and carrier
dynamics is briefly discussed. A generic band structure for an indirect material is shown
in Fig. 2.26 in momentum space. Naturally, as the main feature in the band alignment,
the absolute minimum of the conduction band is not at the center of the Brillouin zone,
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i.e., the Γ point [27]. However, a local conduction band minimum is deliberately placed
at Γ, typical for the band structure of Ge-based materials [36], investigated in this work.
In an experiment, when electrons are excited within this quasi-direct valley, they either
recombine radiatively or scatter and relax towards the indirect gap; the corresponding
characteristic times are τdirect and τrelax, respectively. Since typical inter-valley scattering
processes are extremely fast, i.e., on a sub-ps timescale [85], the relation τrelax « τdirect
holds true in the most cases. In addition to the radiative recombination at Γ, indirect lu-
minescence is also possible. In the latter case, however, in stark contrast of the emission
from electrons in holes at the quasi-direct gap with nearly equal momentum values, i.e.,
∆k ≈ 0, the conservation rules require a transfer of considerable momentum difference
∆k » 0. Hence, the radiative indirect-gap recombination is usually assisted by phonons
and is thus much slower, than the Γ-emission, i.e., τindirect » τdirect [86]. Only in sys-
tems of reduced dimensionality, momentum transfer by scattering at the interfaces [87]
and/or localization of carriers due to the interface fluctuations [88], i.e., delocalization in
momentum-space, provide a finite probability for the zero-phonon transitions.
Figure 2.26: Schematic band structure of an indirect material in momentum space, with
an illustration of the main carrier relaxation and recombination processes.
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2.3 Extrinsic photoluminescence properties: defects and
disorder
This section illustrates the influence of defects and disorder on the emission properties
of a semiconductor. In the previous two sections 2.1 and 2.2, ideal, defect-free crystals
were assumed. However, the lattice of real materials deviates more or less from the ideal,
strictly mathematical ordering of atoms. To some extent, semiconductors always incor-
porate defects, impurities, as well as spatial fluctuations of the band structure parameters,
i.e., disorder. Since all materials are grown at finite temperatures significantly higher than
absolute zero, imperfections are inevitably introduced to the crystal lattices simply due
to the elementary thermodynamics, i.e., the interplay between energy and entropy in the
system. In addition, the quality of real semiconductors is further degraded by growth im-
perfections. Naturally, in well-established material systems like Si or GaAs, the defect
concentrations are extremely low due to the optimized growth conditions, systematicaly
developed over decades. However, in less established, novel semiconductor structures,
defects and disorder can still play a significant role with respect to the energy structure
as well as carrier dynamics. Also, a controlled introduction of impurities to the semicon-
ductor crystals, i.e., doping [9], is often used for selective altering of the specific electro-
optical properties. Thus, understanding the role of material imperfections is crucial for
the proper analysis of the experimental findings.
The first part of this section starts with a brief description of defects and their influ-
ence on PL spectra and carrier dynamics. The discussion in this subsection is mainly
based on the textbooks on semiconductor physics [4, 9]. In the second part, the disorder-
related properties of semiconductors are discussed and a quantitative analysis scheme is
presented.
2.3.1 Defects
Types of defects
The defects in semiconductors are typically classified in structural defects and chemi-
cal impurities. They are further subdivided according to their respective dimensionality.
Here, we focus on the zero-dimensional defects, the so-called point-defects, since this
type is the most abundant in real materials. In addition, the influence of point-defects on
the PL properties is very similar to the impact of defects with higher dimensionality. For
more detailed discussion of the latter, the reader is referred to the standard textbooks, e.g.,
Ref. [4].
An overview of typical point-defects is given in Fig. 2.27 for an exemplary case of a
polar cubic lattice. The typical structural defects are various misplacements of the two
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Figure 2.27: A schematic overview of the different point-defect types in a polar lattice.
original atoms in contrast to the ideal crystal structure. These are the anti-sites, self-
interstitials, as well as vacancies. In general, the structural defects may also involve
changes of the bond lengths and angles. The chemical impurities are various extrinsic
atoms incorporated in the original crystal during growth, e.g., as sub-products of gas-
epitaxy or desorbed from the chamber walls in molecular-beam epitaxy like hydrogen
and carbon. Depending on their respective chemical group, these atoms are typically
anion- or cation-substitutionals. However, the chemical impurities can also be found as
interstitials, combining their specific chemical nature with the properties of a structural
defect. An additional special case are the so-called isovalent impurities. These are the
atoms within the same chemical groups as the intrinsic crystal constituents. When the
isovalent impurities significantly differ in size and electronegativity from the latter, they
strongly perturb the lattice thus acting almost like structural defects.
In general, the electronic structure of the defects is an atom-like sequence of quantized
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Figure 2.28: Representative scheme of energy levels of point-defects in a semiconductor
band structure.
states. The important states determining the optical properties are those with energies in-
side the band gap of the host material. Typical energy levels of the point-defects are shown
in Fig. 2.28 in the real-space semiconductor band structure. The defects, both structural
as well as chemical, are subdivided in shallow and deep, according to the position of
the corresponding energies relative to the band edges. Shallow defects are categorized
in donors (D) and acceptors (A), lying close to the conduction and valence bands, respec-
tively. These defects are responsible for the doping of the semiconductor and are thus in
neutral or ionized states, depending on the lattice temperature, i.e., D0 and D+ in case of
donors, and A0 and A− for acceptors. Isovalent impurities (I) can be found either within
the band gap or above (below) the conduction (valence) band [89, 90]. Finally, the defect
states close to the middle of the band gap are conveniently labeled as the deep traps.
Influence of defects on the photoluminescence
The influence of defects and impurities on the emission properties is illustrated in Fig. 2.29:
a typical PL spectrum of a semiconductor with comparably high defect density is shown.
The inset of Fig. 2.29 gives a brief illustration of the corresponding carrier dynamics.
Here, we assume that the charge carriers are already bound to excitons which is a highly
probable scenario for the wide-gap materials studied in this thesis. According to the pre-
vious discussion, the radiative recombination of the so-called free excitons (FX), provides
dominant contribution to the luminescence at the excitonic resonance. Apart from the di-
rect emission, the excitons can be trapped, i.e., localized, by shallow and deep defects. In
case of the shallow donors (D) and acceptors (A), this leads to pronounced luminescence
peaks just below the FX-transition; the emission of the ionized defects is slightly shifted
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Figure 2.29: A typical spectrum of a semiconductor material with significant contribu-
tions from defects and impurities. Possible emission peaks due to the scat-
tering with LO-phonons are omitted for clarity. The inset shows a schematic
illustration of the corresponding carrier dynamics in the exciton picture. The
ground state of the free excitons and the vacuum level are labeled by EFX
and Evac., respectively.
to higher energies in comparison to the neutral ones. According to the so-called Haynes-
rule [91], the binding energy of excitons to the neutral impurities, e.g., to donors EBDX0 ,
is proportional to the ionization energy ED0 of the respective defect state. The emission
energy EDX0 thus obeys:
EDX0 = EFX −E
B
DX0 = EFX −m ·ED0, (2.58)
with the material parameter m between 0 and 1. The corresponding recombination dy-
namics generally depend on the dipole-overlap of the bound exciton wavefunctions as
well as on the local environment of the defect state, e.g., the presence of additional traps.
Hence, the PL decay is typically single-exponential for isolated impurities, but can exhibit
arbitrary behavior, when an ensemble of defects with different surroundings is considered.
Also, the luminescence peaks from bound excitons are usually present in the PL spectra
only at low temperatures. As the temperature increases, bound excitons are eventually
ionized and the FX luminescence with the corresponding PSBs dominate the PL, e.g., see
Ref. [92, 93].
At sufficiently high concentrations of shallow impurities, additional PL signatures, the
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Figure 2.30: Illustration of the DAP recombination process (a) with the corresponding
density dependencies of the PL spectra (b) and emission dynamics (c).
so-called donor-acceptor-transitions (DAPs) [9], appear in the emission spectra. They
result from the radiative recombination of single electrons and holes, bound to donors
and acceptors, respectively. The recombination process is schematically illustrated in
Fig 2.30 (a). The emission energy of the DAP transition depends on the carrier binding
energies ED0 and EA0 as well as on the Coulomb-interaction between the two carriers with
the opposite charges [94]:
EDAP = EFX −ED0 −EA0 +E
Coul(r); ECoul(r) =
e2
4piε0 r2
. (2.59)
Here, e denotes the elementary charge and ε0 - the vacuum dielectric constant. The signa-
ture of the DAP recombination is the reciprocal quadric dependence of the Coulomb-term
on the distance r between the corresponding donor and acceptor. This mainly determines
the characteristic signatures of the DAPs in the emission spectra and transients, shown in
Fig. 2.30 (b) and (c), respectively. In a PL experiment, carriers are randomly distributed
among donors and acceptors after the excitation, resulting in an ensemble of DAPs with
different spacings r and therefore different emission energies, according to Eq. (2.59).
Hence, the DAP luminescence peak is rather broad in comparison to the bound exciton
PL from the isolated impurities, c.f. Fig. 2.29. Also, the radiative recombination time
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τrec(r) of a pair-transition increases with the decreasing distance r due to a higher dipole-
overlap of the corresponding electron and hole wavefunctions, leading to a characteristic
non-exponential decay of the DAP luminescence, see Fig. 2.30 (c). Naturally, as the exci-
tation power is increased a higher number of impurity states is populated. This results in
an increased probability of finding an electron on a donor site close to an acceptor-bound
hole and vice versa. Thus, the mean distance of the populated DAPs decreases and the PL
energy as well as the decay rate both increase. This characteristic dependence of the PL
properties on the excitation density is a strong indication for the DAP-related emission.
In addition to the localization at shallow impurities, carriers can be efficiently captured
by the deep traps. The relaxation is followed by the recombination of electrons and holes
via interaction with phonons and/or photon emission. The resulting PL is often strongly
broadened due to the fluctuations of the local environment of the defect states as well
as being a result of the carrier-phonon scattering. The emission peak is also shifted to
lower energies with respect to the band gap, usually by many 100´s of meV, see, e.g.,
Refs. [95, 96]. Thus, the PL from the deep traps is typically not observed in a standard
PL experiment which often focuses on the study of the near-band gap luminescence. On
the contrary, the carrier-capture processes by various deep impurities are considered as
extrinsic non-radiative recombination channels for the band-edge PL. Depending on the
defect concentration, these processes can strongly affect or even limit carrier lifetimes,
leading to a fast PL decay as well as to low quantum efficiencies [9]. The latter is defined
as the ratio between the radiative and the full recombination rates.
In an experiment, only a simultaneous measurement of the absolute PL intensity and
the decay time allows to separate the non-radiative from the radiative recombination and
thus to determine the corresponding time-constants. Unfortunately, in the most cases, the
absolute PL data is not available. However, strong contributions from the non-radiative
recombination channels are often identified by the characteristic features in the power and
temperature dependencies of the PL intensity and decay time, see Fig. 2.31. Typically, the
lifetime of carriers trapped in the deep states is much longer than both relaxation and
radiative recombination times of the free carriers [97, 98]. Hence, when the excitation
density is high enough, i.e., it approaches or even exceeds the density of the traps, the
latter become more and more saturated. As a result, due to the Pauli-blocking, the non-
radiative recombination time and thus the PL decay time both increase, c.f. Fig. 2.31 (a).
The resulting rise of the quantum efficiency leads to a superlinear dependence of the
relative PL intensity IPL on the excitation density Iexc, shown in Fig. 2.31 (b), c.f. Ref. [99].
Aside from the excitation density, the rate of the non-radiative recombination is strongly
influenced by the lattice temperature. Since the thermal velocity of the photo-excited
carriers increases with temperature, both electrons and holes get a higher probability to
reach randomly distributed traps and thus recombine non-radiatively. According to the
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Figure 2.31: Influence of the excitation power (a,b) and lattice temperature (c,d) on the
decay time and relative intensity of the PL emission is illustrated for the
case of major contributions from non-radiative recombination channels to
the carrier dynamics. The grey and black arrows in the included schematics
denote relaxation processes with low and high probabilities, respectively.
Shockley-Read-Hall (SRH) model [4, 100], the capture rate is proportional to the square
root of the lattice temperature. Also, additional non-radiative channels, e.g., surface
states, are activated as the temperature increases [101, 102]. For the quantitative anal-
ysis, a phenomenological thermal activation model is used [101]. Within the framework
of this model, the basic expression for the PL intensity IPL reads:
IPL ∝
(
1+Ae−
Ea
kbT
)−1
. (2.60)
Here, A denotes the relative increase of the non-radiative capture probability for a state
with an activation energy Ea, compared with the recombination rate at T = 0 K. Hence,
both SRH and thermal activation effects lead to a decrease of the PL decay time, and also
to a strong quenching of the PL intensity for increasing temperatures, see Fig. 2.31 (c)
and (d), respectively. On the other hand, an increase of the carrier lifetime with temper-
ature under constant PL intensity is usually considered as an indication for suppressed
non-radiative capture processes and thus dominating radiative recombination [9], see the
discussion in section 2.1.2.
In general, one should always keep in mind that non-radiative processes are often the
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most effective recombination channels, especially, at low excitation densities and elevated
lattice temperatures. However, it depends on the aim of the experimental study, whether
the influence of the non-radiative recombination affects the interpretation of the findings
or not.
2.3.2 Disorder
Disorder in semiconductor structures is commonly understood as spatial fluctuations of
material parameters, leading to the fluctuations of carrier energy levels, see Ref. [9] and
the references therein. The reasons for the fluctuations are manifold: (i) inhomogeneities
in chemical composition, (ii) spatial variations of the size of low-dimensional structures,
e.g., widths of QWs, (iii) fluctuations of strain and/or internal fields. The influence of
disorder on the carrier DOS and thus on the optical response of the semiconductor is il-
lustrated in Fig. 2.32. On the left-hand side, the linear absorption and PL spectra of an
ideal semiconductor with perfectly aligned conduction and valence bands are shown. The
absorption spectrum exhibits pronounced excitonic resonances and the luminescence peak
is centered at the ground state transition, see the discussion in section 2.1. The right-hand
side of the Fig. 2.32 illustrates the optical response of a disordered system. Here, the band
structure exhibits spatial variations of the conduction and valence band edges, resulting in
the fluctuations of the gap energy, with a characteristic energy scale ε0. In an experiment,
the investigated area of the sample is typically much larger than the characteristic scale of
the fluctuations. The latter thus lead to inhomogeneous broadening of the absorption and
emission spectra. In addition, when the charge carriers are able to move within the disor-
dered band potential, the PL peak is shifted to lower energies, towards the so-called band-
tail, the low-energy flank of the DOS [9]. A finite energy spacing between the absorption
Figure 2.32: Schematic linear absorption of an ideal semiconductor (a) and disordered
system (b) with the corresponding emission spectra as well as the respective
band structures in real space coordinates.
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and emission maxima is commonly labeled as the Stokes-shift [23, 9]. Also, the DOS
within the band-tail often corresponds to Gaussian or exponential distributions [23]. For
simplicity and consistency reasons, the latter is assumed for the rest of the discussion in
this section. In contrast to that, there are specific material structures with pronounced dis-
order, yet extremely high potential barriers and/or large separations between the potential
minima compared to carrier diffusion lengths, as illustrated in Fig. 2.33 (a). Typical ex-
ample for such a system is a quantum dot ensemble with varying dot sizes [9, 103]. In this
case, the disorder-induced Stokes-shift is again zero, see Fig. 2.33 (b), and the PL proper-
ties are not affected by carrier relaxation among spatially separated, localized states, c.f.
following discussion in 2.3.2. However, for the majority of disordered semiconductors,
the emission dynamics are indeed strongly influenced by the potential fluctuations.
Figure 2.33: Schematic illustration of a material system with spatialy fluctuating energy
levels (a), yet without carrier relaxation processes between the potential min-
ima. Despite the pronounced inhomogeneous broadening, no energy shift
between the absorption and the PL is observed (b). Corresponding scenario
including the relaxation is shown in (c) and (d) for comparison.
Characteristic signatures of disorder in the photoluminescence
For the discussion of the disorder-related PL phenomena, the exciton picture is chosen
for clarity reasons, though the introduced fundamental concepts also apply to the lumi-
nescence of uncorrelated electrons and holes. A typical PL spectrum of a semiconductor
with pronounced disorder is shown in Fig. 2.34, in the regime of low excitation densi-
ties and low temperatures. For these experimental conditions, an asymmetric spectral
shape of the PL is a clear hallmark of a disordered system [104, 105]. Here, the low-
energy slope basically represents the distribution of the band-tail states, whereas the much
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Figure 2.34: Influence of disorder on the PL spectrum and decay times of a semiconduc-
tor at low temperatures and excitation densities.
steeper high-energy side of the spectrum is related to carrier temperature and the homo-
geneous broadening of the optical transitions. The emission dynamics are subdivided into
two different regimes. Carriers, typically excited in the continuum, relax towards locally
available potential minima, resulting in fast luminescence decay on the high-energy flank
of the spectrum. On the other hand, localized states on the low-energy flank exhibit much
longer carrier lifetimes, since no further relaxation channels are available. Thus, the de-
cay time strongly depends on the spectral position, increasing orders of magnitude for
decreasing emission energy [106, 107]. This characteristic spectral dependence of car-
rier lifetime can be already used for the estimation of the energy scale ε0 of potential
fluctuations [106, 108].
The influence of the excitation power on the PL properties of a disordered semiconduc-
tor is illustrated in Fig. 2.35. In (a), the band-tail DOS is represented by a distribution of
the localized states below the "band-edge". In case of the disordered system, the latter is
typically defined as the onset of the DOS region with high carrier mobility [9], roughly
corresponding to the maximum of the broadened excitonic ground-state in the absorption
spectrum, c.f. Fig 2.32 (b). Also, defects states, i.e., deep traps, are introduced to the real-
space band-structure, mimicking realistic scenario. At low excitation densities, carriers
relax to the local potential minima, leading to the previously discussed shift of the PL
maximum to lower energies with respect to the band-edge. Also, most of these carriers
do not reach any of the deep traps due to the spatial localization. As the excitation density
increases, the energy minima of the disordered potential are more and more filled by car-
riers. The average energy of the carrier distribution increases thus leading to an increase
of the PL maximum as function of the excitation density, as shown in Fig. 2.35 (b). In
addition, carriers become more delocalized due to the occupation of higher-lying states or
even the band-edge, both leading to an increase of carrier mobility. Hence, the probability
of carrier capture by the deep traps, i.e., non-radiative recombination rate, increases. As a
59
2 Photoluminescence spectroscopy
Figure 2.35: (a) Carrier relaxation dynamics in the excitonic picture for low and high
excitation power at low lattice temperatures. Corresponding PL energy max-
imum, emission intensity, as well as the decay time of the luminescence are
exemplary plotted in figures (b), (c) and (d), respectively, as function of the
excitation density. The respective dependencies in case of an ideal semicon-
ductor are shown by the dotted lines for comparison.
result, the emission intensity exhibits a sublinear behavior as function of the exciton den-
sity, and the decay time decreases, see Fig. 2.35 (c) and (d), respectively. In an experiment,
all these dependencies of the PL properties on the excitation power are characteristic for
a disordered system, in stark contrast to the optical response of an ideal semiconductor,
shown by the dotted lines in Fig. 2.35 (b), (c), and (d), for direct comparison.
Aside from the power dependence, the most prominent impact of carrier localization is
observed in temperature-dependent PL spectra and transients. Figure 2.35 (a) illustrates
the carrier relaxation dynamics as well as their influence on the energy of the PL max-
imum (a), the FWHM (b), the intensity of the sample emission (c), and the evolution of
the decay times (d) as function of the lattice temperature, low excitation density assumed.
As the temperature is low, carrier scatter to the lowest locally available potential min-
ima. Again, the emitted PL is shifted to lower energies with respect to the band-edge and
the non-radiative recombination is partially suppressed due to the strong carrier localiza-
tion. At elevated lattice temperatures, carriers are able leave local potential minima by
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Figure 2.36: (a) Carrier relaxation dynamics in the excitonic picture for low, intermediate
and high lattice temperatures for low excitation densities. Corresponding PL
energy maximum, FWHM, emission intensity, as well as the decay time of
the luminescence are exemplary plotted in (b), (c), (d), and (e), respectively,
as function of the lattice temperature. For comparison, the corresponding
dependencies in case of an ideal semiconductor are shown by the dotted
lines.
phonon-assisted hopping into even more favorable states at lower energies. This causes
the frequently observed shift of the PL peak position to lower energies, which is a part
of the so-called S-shape behavior [23, 109, 110]. Also, the FWHM of the emission peak
increases since carriers occupy a higher number of localized sites, then recombine radia-
tively thus leading to a broader distribution of possible photon energies. However, the
decay time and the PL intensity remain virtually unchanged due to the still low carrier
mobility and therefore suppressed non-radiative recombination. As the temperature is
increased further, the carriers are thermally activated to higher-lying states. The PL max-
imum is blue shifted, completing the above-mentioned S-shape, and the FWHM reaches
a local maximum, at least for the exponential band-tail DOS. The emission intensity as
well as the decay time both decrease due to the higher mobility and therefore an increased
capture probability by the deep impurities. At even higher temperatures, the carriers are
completely delocalized and the PL energy corresponds to the energy of the band-gap, i.e.,
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zero Stokes-shift is observed. The FWHM is reduced to the value given by the phonon-
induced broadening, see Eq. (2.30) in section 2.1.2. Also, the non-radiative recombination
probability corresponds to the rate, determined by the impurity density and thermal veloc-
ity of carriers, c.f. Eq. (2.60) and Ref. [100]. In general, the disorder-related parameters,
such as characteristic energy scale, relative density of the local potential minima as well
as the concentration of the deep traps can be extracted from the temperature dependence
of the PL spectra by using the results of kinetic Monte-Carlo-simulations [23, 111]. An
example for the most direct estimation of the energy scale ε0 from the experimental spec-
tra is the multiplication of the Boltzmann factor with the temperature value corresponding
to the FWHM maximum or to the final "turn" of PL maximum within the S-shape, see
Fig. 2.35 (b) and (c).
Theoretical treatment: Monte-Carlo-simulations
In this last section, a phenomenological approach to the evaluation of the PL data from
disordered semiconductors is briefly discussed. This approach is based on the Monte-
Carlo simulations of carrier relaxation and recombination within spatially fluctuating po-
tentials [23, 111]. The starting point is the assumption of energy distribution for the lo-
calized band-tail states with the average spatial density N. In the most cases, this choice
is based on the experimental findings, e.g., the shape of absorption or emission spectra.
Carriers, either excitons or uncorrelated electrons and holes, are randomly distributed
among the available states, mimicking the ultra-fast carrier thermalization after a pulsed
excitation at low pump densities. Now, these carriers can either perform phonon-assisted
hopping transitions between different localized states, or recombine either radiatively or
non-radiatively. The two latter processes are summarized in the effective recombination
rate τrec. The corresponding rate νi j for a transition between the state i with energy Ei and
the state j with energy E j is given by the so-called Miller-Abrahams expression [112, 113]
νi j = ν0 exp
(
−
−2ri j
α
−
E j −Ei + |E j −Ei|
2kBT
)
. (2.61)
Here, ν0 is the attempt-to-escape frequency, α - the localization radius, ri j - the distance
between the two states, kB - the Boltzmann-factor, and T - the lattice temperature. Hop-
ping processes are thus most probable between close-lying potential minima and also
strongly dependent on the mean kinetic energy of the charge carriers. The total decay rate
νi of the state i is computed by the sum of all possible hopping rates, corresponding to the
effective relaxation time τrelax and the inverse recombination time:
νi = τ
−1
rec +∑
j
ν0 exp
(
−
−2ri j
α
−
E j −Ei + |E j −Ei|
2kBT
)
. (2.62)
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The simulation is iterated for several 10´s of thousands carrier pairs to ensure statistically
significant results. Further details concerning the algorithm and the numerical realiza-
tion are given in Refs. [40, 114]. Since both the emission energy and the time delay
after the excitation are recorded for every recombination event, PL spectra as well as the
energy-dependent transients are obtained from these simulations. Then, a comparison of
the theoretical results to the spectrally and temporally resolved PL data at various tem-
peratures, allows for the extraction of the complete set of the simulation parameters thus
characterizing the disorder in the studied structures.
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This chapter illustrates the experimental realization of the spectroscopic studies carried
out within the framework of my thesis. In the first part the time-resolved photolumines-
cence setup is presented. Here, the excitation source, non-linear frequency mixing, as
well as the operation of the streak camera are discussed in detail. The second part deals
with the linear spectroscopy setup used for CW PL and absorption measurements.
3.1 Time-resolved photoluminescence
Figure 3.1: TRPL setup for the NIR and UV-VIS spectral range
The setup for the TRPL measurements is schematically shown in Fig. 3.1. A pulsed
titanium-sapphire (Ti:Sa) laser 1 is used as an excitation source. The Ti:Sa is pumped by
an intra-cavity frequency-doubled neodymium doped yttrium-aluminum-garnet (Nd:YAG)
laser 2 with the central emission wavelength of 532 nm and a maximum output power
of 11 W. A slightly lower pump power of 9.5 W is typically used in the experiments to
provide higher long-term stability of the setup. In the pulsed regime the Ti:Sa is pas-
sively mode-locked by the self-focusing effect due the Kerr-non-linearity inside the sap-
phire crystal. The dispersion of the spectrally broad pulses is compensated by a series
1
"Tsunami", Spectra-Physics
2
"Millenia", Spectra-Physics
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of prisms inside the cavity. This leads to a typical pulse width of approximately 100 fs
at a repetition rate of (80± 0.5) MHz, corresponding to a separation of 12.5 ns between
the pulses. This sets the upper limit for the directly accessible time range in the TRPL
experiments. Also, when desired, the operating mode can be changed to the CW by a
minor detuning of the laser cavity. The Ti:Sa operates in the TEM00 mode with lin-
early polarized emission. A broad-band mirror set is used for the laser cavity, taking
advantage of the spectrally broad gain of the Ti:Sa crystal. Thus, emission wavelengths
between λem = 690 nm and λem = 1010 nm are achieved, corresponding to photon energies
Eem = 1.80 eV and Eem = 1.23 eV. For λem > 930 nm, the laser is purged with nitrogen gas
to minimize intra-cavity water absorption. The average output power ranges from 0.6 W
for λem > 950 nm and up to 2.3 W around λem = 800 nm.
The initially accessible wavelengths are further extended into the visible and the UV
spectral range by taking advantage of the non-linear frequency-mixing. It is especially
efficient for the high electric field strengths associated with the ultra-short Ti:Sa pulses.
For this purpose the so-called frequency-tripler3 is integrated into the experimental setup.
The basic layout of the tripler is shown in Fig. 3.2 Pulses from the fundamental laser
mode centered at the frequency ω enter the tripler and are focused on a lithium triborate
crystal (LBO). LBO exhibits a particularly strong second-order non-linearity in the optical
Figure 3.2: Schematic layout of the frequency tripler
3
"SuperTripler 8315", CSK Optronics
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response to the incident EM-wave, i.e., polarization with the frequency 2ω is induced
inside the crystal. According to the Maxwell´s equations the 2ω-polarization wave is
naturally associated with an EM-wave, the so-called second-harmonic (SH). When the
phase velocities of the ω- and 2ω-waves are matched by adjusting the relative angle of the
LBO, both waves interfere constructively. Thus, the amplitude of the SH pulse increases
while the ω-pulse propagates through the crystal. Under such phase-matched conditions
about 25 % of the incident power are converted to the SH emission. The later emerges
from the LBO crystal collinearly to the fundamental mode, yet perpendicularly polarized.
The fundamental and the SH beams are spatially separated by a dichroic mirror plate
and then focused on a bismuth triborate crystal (BBO). Inside the crystal the second-
order non-linearity leads to a partial conversion of ω- and 2ω-radiation to an EM-wave
with the tripled initial frequency and about 1 % of the Ti:Sa power, the so-called third-
harmonic (TH). Again, the phase-match is adjusted by fine-tuning the angle of the BBO
as well as the 90 ◦ rotation of the linear polarization of the fundamental mode. In addition,
both incident beams overlap spatially and temporally. The temporal overlap is achieved
by altering the length of the fundamental beam path using a delay stage. After passing
the BBO crystal the three beams are spatially separated by wavelength-selective mirrors
and the fundamental mode is guided to a beam dump. In the TRPL measurements both
SH and TH pulses are used for excitation, depending on the experimental requirements.
The initial wavelength range of the Ti:Sa is thus expanded to 345 nm - 505 nm (SH) and
230 nm - 337 nm (TH), corresponding to the photon energies of 3.59 eV - 2.46 eV and
5.39e˙V - 3.68 eV, respectively.
In the experiment the Ti:Sa emission is separated by a polarizing beam-splitter cube
before entering the tripler (Fig. 3.1). A λ/2 wavelength-plate is applied to adjust the dis-
tribution of the laser power between two different TRPL setups, optimized for NIR and
UV-VIS detection, respectively. Aside from the differences in excitation wavelengths,
both setups share the same design. First, the power of the incident laser beam is attenu-
ated by using reflective neutral-density filters to avoid thermal lensing. Then, the laser is
focused on a sample with the pump spot FWHM of 30 µm - 40 µm in the NIR and 20 µm
- 25 µm in the UV-VIS setup, respectively. The FWHM are measured by a CCD-based
beam-profiler4. The laser profile as well as the position of the excitation spot on the sam-
ple are monitored during the measurement by a digital camera5. The camera allows for
spatial resolution down to 5 µm at a working distance of about 10 cm. For the measure-
ments at the temperatures down to 5 K the sample is held in a He-flow cryostat6. The
PL from the sample is imaged to the entrance slit of a spectrometer7 under numerical-
4Standard web-camera with removed imaging optics
5
"FINEPIX S100FS", Fujifilm, upgraded with additional optics
6Micro-cryostat, CryoVac
7
"25015", Bruker
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Figure 3.3: Sensitivity of the streak camera cathodes as function of detection wavelength
aperture (NA)-matching conditions. Polarization and/or wavelength-selective filters are
placed in front of the spectrometer according to experimental requirements In addition,
the magnification of the image and the spectrometer slit-width are chosen such that only
the emission within the FWHM of the pump spot enters the detector. Thus, the photon
flux at the sample surface in the area of interest is determined only by the pump power
and the FWHM of the laser spot. A script for "Mathematica" given in appendix (1) is used
to calculate the The maximal spectral resolution of the measured PL signal in both NIR
and UV-VIS setups is about 0.1 nm; it depends on the chosen grating and the slit widths
of the spectrometer.
After passing the spectrometer, the PL signal is temporally resolved in a streak cam-
era8. The streak-camera as well as the spectrometers are operated using the "HPDTA 8.1"
software from Hamamatsu. The spectral response of the employed cameras is shown in
the Fig. 3.3. Effective detection windows are 200 nm - 800 nm and 300 nm - 1300 nm for
the NIR and UV-VIS setups, respectively. Also, the UV-enhanced streak camera provides
over an order of magnitude higher sensitivity in comparison to the NIR device and a lower
noise level.
Figure 3.4 illustrates the operation principle of a streak camera in detail. In the realized
TRPL setup the PL signal that enters the streak camera is already spatially dispersed by
the spectrometer. Thus, in a simplified picture, several photons distributed in horizontal
direction according to their respective energies reach the detector. Also, some time-delay
between the photons is introduced. These photons pass a variable vertical slit and hit the
photosensitive screen of the streak camera tube. With some finite probability, each im-
pinging photon leads to an emission of an electron due to the photoelectric effect. The
8NIR setup:"M5675(S-1)", Hamamatsu; UV-VIS setup:"M6860(S-20)", Hamamatsu
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Figure 3.4: Operation principle of a streak camera
quasi-instantaneous nature of the photo-effect conserves the spatial and temporal order
of the emitted electrons with respect to the initial photon distribution. The electrons are
accelerated along the evacuated tube and pass a pair of horizontally aligned capacitor
plates. In the so-called "synchro-scan" mode used in all TRPL experiments for this work
the streak camera is a sinusoidal deflection voltage is applied to those plates. The oscilla-
tion frequency is locked to the repetition rate of the pump laser. Also, the streak camera
is triggered such that the voltage increases linearly as the electrons pass the capacitor
plates. Thus, the electrons are deflected in the vertical direction according to their arrival
time. Subsequently, the vertically and horizontally spread electron beam is amplified in
a multi-channel plate and hits the fluorescent phosphorous screen at the end of the streak
camera tube. Then, the image of the screen is acquired with a CCD-camera. In this way,
the initial temporal distribution of PL photons is converted to a spatially resolved signal.
The temporal resolution of a streak camera mainly depends on the width of the vertical
entrance slit and the deflection voltage amplitude. However, the resolution is limited
due to the electron beam broadening as well as the thermal and mechanical jitter of the
detection system and the excitation source. The ultimate limit is given by the Heisenberg
uncertainty principle due to the initial spectral dispersion of the measured PL signal. The
maximal temporal resolutions of the employed streak-cameras are 1.5 ps and 0.5 ps for
the NIR and UV-VIS setup, respectively. The acquisition window ranges from 50 ps to
2 ns.
An exemplary PL image taken by the NIR streak camera is shown in Fig. 3.5. The
signal is plotted as function of photon energy and time on a false-color intensity scale.
The PL spectra are extracted from the 3D-image by the integration over a time interval.
In the same way the time-dependent PL traces, or transients, are obtained by spectral in-
tegration. The upper boundary of the measured PL signal on top of the image defines
the time-zero, i.e., the arrival of the excitation pulse. A weak signal at negatives times is
a common artifact in the applied detection mode, the so-called back-sweep. The origin
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Figure 3.5: Exemplary PL image taken by a streak camera in series with a spectrometer.
The sample is a (GaIn)As multi-quantum well stack at the lattice temperature
of 10 K. The PL spectra and transients are extracted from the 3D-image by the
integration of temporal and spectral intervals, respectively.
of the back-sweep is illustrated in Fig. 3.6. The top part of the graph shows a typical
PL signal from a sample excited by a train of short laser pulses with a repetition rate
of 80 MHz. The PL rises with the excitation pulse and then decays slowly with time.
When the average decay time is in the same order of magnitude or even longer than the
time-interval of 12.5 ns between two excitation pulses, the PL exhibits a finite offset due
to the pile-up effect. The deflection voltage of the streak camera, synchronized with the
repetition rate of the laser, is shown in the bottom graph. The shaded area corresponds
to the detection window of the CCD-camera. Thus, the measured signal is an overlap of
two contributions: pile-up background from the preceding PL trace followed by the rise
and the initial decay of the sample emission (red line) as well as the PL delayed by 6.3 ns
(blue line). The later is deflected in the opposite spatial direction with respect to the initial
signal due to the sinusoidal voltage profile. The contribution from the "delayed" PL and
the pile-up background give rise to the back-sweep artifact. When the back-sweep frac-
tion of the total measured signal is significant, i.e., more than 20 %, the PL transients can
not be analyzed directly, e.g., by fitting with exponential decay functions. In this case,
the average decay time is extracted from the back-sweep-to-maximum ratio applying a
numerical algorithm to deconvolute different contributions. This routine deduces decay
times up to 100 ns with reasonable accuracy. The corresponding script for "Mathematica"
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Figure 3.6: Formation of a PL time-trace in a streak camera working in a synchro-scan
mode. The graph on top shows the periodic PL emission from the sample.
The voltage between the deflection plates of the streak camera is plotted in
the bottom graph. On the right-hand side the evolution of the measured signal
is illustrated.
is given in appendix (2). For the majority of the studied samples, however, the PL decay
is significantly shorter than 12.5 ns. Therefore, the contributions from the pile-up and
the emission at 6.3 ns are negligible in most cases. They are treated as a constant offset
and thus subtracted from the measured signal. In addition, the so-called blanking unit
can be used to apply an additional horizontal voltage inside the camera-tube thus separat-
ing the back-sweep from the initial signal. The drawback of this technique is the rather
challenging extraction of the spectral information, especially, for large temporal detection
windows. All images obtained in the streak camera setup are processed using a "LabView
8.0" code. The contributions from the background radiation are subtracted and the data is
corrected for the spectral response of the detector system and spatially varying sensitivity
of the phosphorous screen as well as the CCD-camera. Finally, "Origin 9.0" software is
used for the quantitative analysis of the PL data.
3.2 Linear absorption and continuous-wave
photoluminescence
The experimental setup for absorption and CW-PL measurements is shown in Fig 3.7.
The Ti:Sa laser used in the TRPL setup and a helium-neon (He:Ne) laser operating at
632.8 nm are employed as excitation sources for the CW-PL experiments. The incident
laser beam is focused on the sample, held in a He-flow cryostat. PL emission is imaged
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Figure 3.7: Experimental setup for measurements of linear absorption and continuous-
wave photoluminescence.
on the entrance slit of the optical spectrum analyzer (OSA)10. The OSA is a spectrometer
with integrated detector and data processing unit. The sensitivity of the OSA ranges from
330 nm to 1700 nm with a maximal spectral resolution of 0.05 nm.
A tungsten lamp is used as a white-light source for linear absorption measurements
. The lamp provides a broad thermal spectrum with the central wavelength of about
1000 nm. This yields an effective spectral range from 400 nm to 1700 nm, limited by the
light-source and the sensitivity of the detector. The strongly diverging light from the lamp
is first focused on a pinhole with the diameter of 50 µm. The pinhole is then imaged on
the sample. The light, transmitted through the sample, is focused on the OSA entrance
slit applying the same optics as for the CW-PL measurements. A digital-camera is used
to monitor the overlap of the PL excitation spot with the focus of the white-light. Linear
absorption spectra are obtained from the initial and transmitted light intensities I0 and IT ,
respectively, after the subtraction of the background according to the Beer´s law:
IT
I0
= e−αL. (3.1)
Here, α is the absorption coefficient and L is the thickness of the sample. For the
absorption of quasi-two-dimensional structures only the product αL is evaluated.
10
"AQ-6315A", Ando
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phonon-assisted emission
This chapter covers the experimental studies of many-body effects in phonon-assisted
emission of semiconductors due to the carrier-carrier Coulomb-interaction. The corre-
sponding theoretical background is discussed in section 2.2.1. The following investiga-
tions are focused on the two main questions: (i) does Coulomb-correlated electron-hole
plasma contributes to the PSB emission, and (ii) how strong is the impact of exciton for-
mation on the carrier-phonon interaction. These topics are treated in the following two
sections. All calculations involved are performed by Chrsitoph N. Böttge and Dr. Thomas
Feldtmann in the group of Profs. Stephan W. Koch and Mackillo Kira at the Philipps Uni-
versität Marburg.
4.1 Luminescence sources: plasma contributions
The section deals with the experimental evidence for the two different sources of PSB
emission, excitons and electron-hole plasma. Since the excitonic PSBs are considered
common knowledge [55, 115, 116, 117, 51], the evidence of plasma contributions remains
the main goal of the conducted studies. The discussion starts with the presentation of the
material systems used for the experiments as well as their brief characterization. The next
two subsections are dedicated to PL investigations at carefully chosen, specific excitation
conditions, known to favor or to inhibit exciton or plasma formation.
4.1.1 Material systems
The proposed investigations of plasma-related radiative recombination via phonon-assisted
transitions impose rather demanding requirements on the investigated materials. The ex-
citon binding energy EB of the semiconductor under study should be not too high, since
phase-transition from the exciton- to the plasma-dominated regime should be reached with
reasonable carrier densities, i.e., pump power, avoiding radiative damage of the sample.
On the other hand, EB should be not too low to facilitate efficient exciton formation.
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Figure 4.1: PL spectra of CdS (a) and CdSe (b) for low excitation density and non-
resonant excitation conditions at the lattice temperature of 10 K. Signatures
of bound and free excitons as well as the corresponding PSBs are marked by
BX, FX, and PSBn, respectively.
In addition, strong carrier-phonon coupling is required for the observation and quantitative
analysis of the PSB emission. Finally, the studied materials should be high-quality in
terms of defect- and impurity-concentrations as well as not being subject to disorder.
Otherwise, the emission spectra as well as the carrier dynamics are influenced by the
extrinsic phenomena, see section 2.3, and any study of the intrinsic properties is thus
inhibited.
Based on these requirements, chemically synthesized CdS and CdSe bulk crystal flakes
with several µm thickness are chosen for the experiments. Both materials are well-studied,
direct semiconductors exhibiting pronounced PSB luminescence [118, 119, 120, 9]. The
exciton binding energies of CdS and CdSe are 27 meV and 15 meV [36], respectively.
These energies are in the intermediate range between easily ionized excitons in GaAs [33,
30] with EGaAsB = 4 meV and rather stable excitons in ZnO [9] with EZnOB = 60 meV.
As an overview, Fig. 4.1 shows the PL spectra of the CdS (a) and the CdSe (b) sam-
ples, time-integrated over a 2 ns-range after the excitation for a lattice temperature of
T = 10 K. The data is taken for the non-resonant excitation at 2.85 eV and low pump den-
sity of about 1011 cm−2 photons per pulse. Spectral and temporal resolutions are 0.4 nm
and 20 ps, respectively. The dominant emission signatures at 2.547 eV and 2.553 eV for
CdS, as well as 1.821 eV and 1.825 eV for CdSe are attributed to the well-known ZPLs
of the bound (BX) and free A-excitons (FX), respectively [121, 122, 36]. Despite the
suppression of the FX emission due to the polariton propagation effects in bulk crystals,
c.f. section 2.1.3, the rather strong FX PL compared to the BX emission is already an
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Figure 4.2: PL spectra over first 10 ps after the excitation of the CdS sample for two
different linear polarization of the detected emission at T = 10 K and for low
excitation density of about 1011 cm−2 photons per pulse. The polarization of
the incident laser beam is tilted by 45◦ with respect to the c-axis.
indication for a high material quality of the two samples. In addition to the BX and FX
transitions, several pronounced luminescence peaks are observed at the low-energy side of
the spectrum. The respective intensities decrease with decreasing peak energy. The peaks
are nearly equidistantly spaced with a separation of about 38 meV for CdS and 27 meV
for CdSe, as are the separations between the first peak and the FX line. These energies
correspond to the energies of the LO-phonons in these materials [122, 36]. Therefore,
the peaks are unambiguously identified as the PSBs of the FX emission. As already dis-
cussed in section 2.2.1 the PSB luminescence is only weakly affected by polariton effects
and thus originates from the entire excited bulk volume, in contrast to the surface-related
FX PL.
Also, both CdS and CdSe samples adopt wurtzite crystal structure and are grown with
the c-axis parallel to the sample surface. Therefore, the selection rules become important
for the excitation as well as for the PL detection, c.f. section 2.2.4. Since the emission
from the ground state, i.e., A-exciton, is of interest for this study, the proper experi-
mental conditions are first identified by polarization-resolved measurements. Exemplary
low-temperature spectra of the CdS sample are shown in Fig. 4.2 for two different linear
polarizations of the detected PL, perpendicular and parallel to the c-axis. The polariza-
tion of the incident laser beam with the average photon energy of 2.85 eV is tilted by 45◦
with respect to the latter, leading to the photoexcitation of holes in both A- and B-valence
bands. Altogether, the PL spectra show the typical resonances from the ground and the
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Figure 4.3: Temperature-dependent PL spectra (a) and PSB2 transients (b) at low excita-
tion density of about 1011 cm−2 photons per pulse. The data is normalized
and shifted for clarity. As-measured emission spectra and PL intensities are
plotted in the respective insets .
first-excited excitonic states in CdS [80] as well as the weak signatures of the correspond-
ing BX transitions. As expected for a wurtzite semiconductor, only the B-excitons appear
in the luminescence when the detected electric field EPL is linearly polarized parallel to
the symmetry axis. In contrast to that, both A- and B-excitons are observed in case of
the perpendicular polarization, according to the selection rules. The latter configuration
is thus chosen for the following experiments.
Finally, temperature-dependent PL studies are performed to ensure that non-radiative re-
combination plays only a minor role for the recombination dynamics in both samples.
Again, representative results from the CdS sample are plotted in Fig. 4.3. As the tem-
perature increases, the spectra show a typical shift of the PL maximum towards lower
energies as well as a quenching of the BX transition due to the ionization, see sections
2.1.2 and 2.3; no disorder-related S-shape is observed. Also, due to increasing phonon
population and thus more efficient scattering processes, the spectra broaden and the PSBs
become more pronounced. To analyze the dynamics of the FX emission, the PSB2 tran-
sients are evaluated, as they are less distorted by possible impurity contributions at the
PL energy of the latter and suppressed polariton propagation effects. The PL decay, see
Fig. 4.3 (b), is nearly unchanged as the temperature is increased from 10 K to 90 K. In
addition, the spectrally integrated luminescence intensity decreases only slightly, and the
intensity of the PSBs even increases, both consistent with the ionization of the BX. All
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these findings are clear hallmarks of the sample emission being dominated by radiative
recombination and intrinsic effects like scattering with optical and acoustic phonons, c.f.
2.1.2 and 2.3.1. Non-radiative capture processes are slow and/or negligible, resulting in
only a slight decrease of the absolute decay rate of the PL signal. Together with the weak
BX luminescence (Fig. 4.1) and the observation of higher excitonic transitions (Fig. 4.2),
the temperature-dependent results confirm high material quality, required for the follow-
ing studies.
4.1.2 Resonant vs. non-resonant excitation
Figure 4.4: (a) PL spectra of CdS at high excitation density for the resonant and
non-resonant excitation energies of 2.54 eV, and 2.85 eV, respectively.
(b) Normalized transients of the second PSB. The lattice temperature is set
to 10 K.
The first and the most direct way to create excitonic population in a PL experiment is the
resonant excitation at the ground state transition, i.e, 1s exciton-resonance. In contrary,
when continuum states are excited, electron-hole plasma is always created directly after
the absorption of the incident pulse, see the discussion in section 2.1.2. In the latter case,
however, the excitation density should also be high enough to observe plasma-dominated
luminescence due to the density-dependent radiative recombination rate of the uncorre-
lated electrons and holes. The pump density is thus set to 1014 cm−2 photons per pulse.
Low excitation results are always recovered after the application of high pump densities
to ensure that the material is not damaged during the experiment. For this study, the CdS
sample is chosen, since the exciton ground state of the CdSe at 1.82 eV is beyond the
spectral range accessible with a Ti:Sa laser. Hence, the photon energy is set to 2.85 eV
and 2.54 eV for the non-resonant and resonant excitation of CdS, respectively. In the latter
case, the pump energy is slightly detuned towards lower energies with respect to the exci-
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ton transition to ensure that no continuum states are excited by the spectrally broad 100 fs
pulses. Also, the pump power is increased to balance the resulting decrease in absorption.
PL spectra of CdS are plotted in Fig. 4.4 (a) for the two different excitation conditions
and the lattice temperature of 10 K with pronounced PSBs found in both cases. Remark-
ably, the shape and the relative intensities of the sidebands are nearly independent of the
excitation energy. Only a slight broadening due to the higher carrier temperature is ob-
served for the non-resonant scenario. However, in stark contrast to the similar spectral
line shapes, differences in the luminescence dynamics are significant. Normalized PL
time traces at the energy of the second PSB are shown in Fig. 4.4 (b). The signal de-
cays mono-exponentially in case of the resonant excitation, as commonly expected for
the exciton-related PL. On the other hand, for non-resonant excitation conditions, the PL
exhibits a more complicated non-exponential behavior with fast initial decay and slower
recombination at later times. As already discussed in section 2.1.2, these temporal signa-
tures are a clear hallmark of plasma recombination due to the characteristic dependence
of the decay rate on carrier density.
4.1.3 Excitation power dependence: the Mott-transition
The second possibility to obtain exciton- or plasma-dominated dynamics is the varia-
tion of the excitation power. For non-resonant excitation, it is well-known that exci-
ton populations are typically formed at low carrier densities, yet electron-hole plasma is
easily obtained in the high-density regime [9, 10]. The case of intermediate densities,
when the exciton population starts to decrease in favor of the electron-hole plasma, is
the so-called Mott-transition, in analogy to the semiconductor-metal phase-transition in
the band-structures of solids [27]. The main reason for this behavior is the increasingly
efficient screening of the Coulomb-interaction at sufficiently high carrier densities. In a
simple picture, the Mott-transition occurs when the inverse density of carriers n−1 ap-
proaches the value of the "exciton volume", approximately defined as the volume of a
sphere with the excitonic Bohr-radius aB [9], i.e.,
n ≈
3
4pia3B
. (4.1)
This relation can be used to estimate the critical density of carriers for the exciton-plasma
transition. As a qualitative result, the Mott-transition typically occurs at higher carrier
densities when the Bohr-radius is small and the exciton binding energy is high. However,
though the picture of clearly distinguishable phases is tempting, the boundary between the
exciton- and plasma-dominated regimes is rather a continuous transition than a discrete
step due to the complexity of the many-body interactions.
Based on these considerations, excitation densities between n0 = 1011 cm−2 photons per
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Figure 4.5: Time-resolved PSB2 emission of CdS (a) and CdSe (b) as function of excita-
tion power for a lattice temperature of T =10 K. The lowest excitation density
is n0 = 1011 cm−2 photons per pulse. The corresponding absolute PL inten-
sities (full circles) and the PL amplitudes directly after the excitation (empty
circles) of the second PSB are shown in (c) and (d) for CdS and CdSe, respec-
tively. The dotted lines are fits with the power law IPL ∝ Iκpump.
pulse and 600 n0 are chosen for the experiment. The values correspond to average car-
rier densities up to several 1018 cm−3, estimated from the absorption coefficients of CdS
and CdSe [36]. These densities, evaluated using the approximative Eq. (4.1), are in the
range of the Mott-transitions at about 1019 cm−3 and 1018 cm−3 for CdS and CdSe, re-
spectively. Again, to identify excitonic emission and plasma recombination, PL transients
of CdS (a) and CdSe (b) are plotted in Fig. 4.5 as function of the excitation density at the
spectral position of the PSB2. For both samples, we observe a single-exponential decay
at low pump densities, similar to the PL dynamics under the resonant excitation. As the
pump power is increased, the PL dynamics show a pronounced non-exponential behavior.
To confirm the observed increase in the radiative recombination rate at higher excitation
densities, the PL amplitudes and relative intensities are evaluated. Figures 4.5 (c) and (d)
show the spectrally- and temporally-integrated PL intensity (full circles) as well as the
PL intensity direct after the excitation (empty circles) as function of the pump density for
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Figure 4.6: Relative change of the ratio between plasma density and exciton population,
obtained from the fit parameters A1 and neh. The inset showns an exemplary
PSB2 transient of CdS at the excitation density of 600 n0, fitted by the equa-
tion (4.2).
CdS and CdSe, respectively. The absolute intensity of the PL is directly proportional to
the excitation density, while the initial PL intensity exhibits a pronounced superlinear in-
crease. The latter is a clear hallmark of an increased radiative decay rate, since the initial
emission intensity is proportional to the inverse radiative lifetime and carrier density only,
see Eq. (2.41) and (2.34). In addition, non-radiative recombination via defects, Auger
processes, or stimulated emission parallel to the sample surface would always lead to a
pronounced sublinear behavior of the PL intensity which is not observed in the experimen-
tal data. Also, any saturation of impurity-related non-radiative channels at higher pump
densities, i.e. SRH recombination, is excluded due to the linear increase of the absolute
PL intensity and shorter carrier lifetimes. Thus, the enhancement of the decay rate for the
increasing excitation power is unambiguously attributed to faster radiative recombination.
Based on the characteristic PL dynamics, the recombination processes are dominated by
excitons at low and electron-hole plasma at high carrier densities. Interestingly, the tran-
sition between the two regimes occurs at about one order of magnitude lower excitation
density in CdSe compared to CdS, matching the difference in the previously estimated
Mott-thresholds.
Further support for the proposed interpretation of the experimental findings is given by
quantitative line-shape analysis of the transient data. When both excitons and plasma
contribute to the luminescence decay, the PL dynamics should obey following expression,
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Figure 4.7: PL transients of the CdS sample for the excitation densities of 100 n0 and
600 n0. The data are normalized to the intensity of the excitonic emission at
time delays > 1500 ps. The emission trace for the lower power is shifted on
the time-axis for better comparison.
resulting from the sum of the Eq. (2.41) and (2.34):
IPL(t) =
(
A1 e
− tτX
)
+
(
A2
t
τeh
+ 1
neh
)
. (4.2)
Here, the excitonic population is proportional to A1 and the electron-hole plasma density
is given by neh. Characteristic radiative decay times are given by τX and τeh for excitons
and plasma, respectively. An exemplary fit of the transient PL from the CdS sample is
shown in the inset of Fig. 4.6 for the maximal excitation density of 600 n0. The theoretical
line-shape, predicted by the Eq. (4.2), agrees well with the experimental data. Thus, it is
reasonable to extract parameters from the proposed decay model, and the PSB2 density-
dependent transients of CdS are, hence, fitted with the Eq. (4.2). All fit curves are in
excellent agreement with the measured transients for the constant decay rates τX = 3.1 ns
and τeh = 0.6 ns. This result is reasonable, since recombination constants are not expected
to change with carrier density. The analysis also yields the relative change of the ratio
between the plasma density and excitonic population, shown in Fig. 4.6. Here, the low-
density result is artificially set to zero, since the corresponding plasma density parameter
is below the "detection" range of the fitting procedure due to the experimental noise. The
relative increase of the plasma population with excitation power is clearly superlinear
and thus consistent with the expected phase-transition-like behavior in the region of the
Mott-density.
Finally, the characteristic superlinear scalability of the plasma emission with carrier den-
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sity is verified. PL transients of the CdS sample are plotted in Fig. 4.7 for the excitation
densities of 100 n0 and 600 n0. The emission trace for the lower power is shifted on the
time-axis for better comparison. In both cases, the luminescence from excitons with a long
decay time is considered as background for the plasma-related PL. The two transients are
thus normalized to the intensity of the excitonic emission at time delays > 1500 ps. At high
excitation density, the carriers decay fast until the carrier density reaches the value corre-
sponding to the low excitation conditions. The comparison of the respective integrated PL
intensities (A1 + A2) and A2 yields the ratio 6:1, perfectly matching the difference in the
pump densities. This result illustrates that the same density conditions are reached when
the excitation power is decreased by a constant factor or when the carrier density decays
to the same amount. Thus, the dynamics of the plasma emission are governed by the car-
rier density only, fully corresponding to the proposed intrinsic behavior of plasma-related
luminescence.
In summary, unambiguous experimental evidence for phonon-assisted plasma emission is
presented, clearly confirming the predictions of the many-body theory, c.f. section 2.2.1.
The experimental results are further supported by the quantitative analysis of the PL dy-
namics, characteristic for exciton and/or plasma luminescence. Hence, due to the carrier-
carrier Coulomb-interaction the emission at the excitonic PSB resonances can definitely
not be considered as an evidence of the exciton population. The PL from electron-hole
plasma can, indeed, strongly contribute or even dominate the PSBs. The experiments
show that both exciton- and plasma-dominated regimes are accessible by the specific
choice of the excitation conditions.
4.2 Interaction mechanisms: Fröhlich vs. deformation
potential scattering
In this section, the influence of Coulomb-correlations between electrons and holes on car-
rier scattering with optical phonons is studied. Phonon-assisted emission is used to quan-
tify the contributions from the two distinctive carrier-phonon interaction mechanisms,
previously discussed in the section 2.2.1. The investigations are focused on finding the
evidence for possible suppression of Fröhlich interaction in case of the quasi-neutral ex-
citons. The aim is to show that even in polar semiconductors with naturally strong, polar
carrier-phonon coupling, the interaction via deformation potential can contribute or even
dominate the scattering of excitons with LO-phonons. The first part of the section deals
with the characterization of the semiconductor materials, used for the conducted studies.
In the second part, the analysis of the experimental data is presented and the results are
compared with the theoretical predictions from many-body calculations. The samples are
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provided by the groups of Profs. Martin Eickhoff and Bruno Meyer at the Justus-Liebeig
University Giessen (Germany).
4.2.1 Material systems
Three different bulk materials with the sample thickness between 0.3 µm and 10 µm are
chosen for the proposed investigations: ZnO, ZnS, and CdS. These are typical representa-
tives for polar wide-gap semiconductors exhibiting strong electron-phonon and Coulomb-
interaction effects [55, 64, 9]. The exciton binding energies are in the range of several 10’s
of meV, large enough to ensure efficient exciton formation, allowing measurements in the
excitonic regime below the Mott-transition. For this purpose, the studies presented in
the previous subsection are used to identify the required excitation conditions, c.f. 4.1.
According to the theoretical considerations, outlined in the section 2.2.1, e.g., Fig. 2.21,
the analysis of the experimental data involves an evaluation of spectrally and temporally
integrated PSB intensities. Hence, the material quality should be high enough to clearly
resolve the first two sidebands in a reasonable temperature range for accurate comparison
with the theoretical calculations.
Figure 4.8 shows the PL spectra of the ZnO (a), ZnS (b), and CdS (c) samples, time-
integrated over the 2 ns-window after the excitation as function of the lattice temperature
ranging between T = 10 K and T = 90 K. For these measurements, the spectral and tempo-
ral resolutions of the TRPL setup are 0.4 nm and 5 ps, respectively. The excitation density
is set to n0 = 1011 cm−2 photons per pulse. Taking into account the pump geometry and
the absorption coefficients [9, 36] this corresponds to initially injected carrier densities
of several 1015 cm−3 in all three samples. All values are well below the respective esti-
mated Mott-densities thus favoring the formation of excitons, confirmed by the analysis
of the emission dynamics, discussed in section 4.1. All spectra show the well-known
PL signatures from free (FX) and bound (BX) excitons [36], as well as the corresponding
PSB peaks. The latter are separated by 72 meV (ZnO), 48 meV (ZnS), and 38 meV (CdS),
matching the respective LO-phonon energies [36]. Based on the energy spacings between
the PSB1 and the FX peak, as well as the temperature stability of the sideband emission,
the strong phonon-assisted luminescence is unambiguously attributed to the FX-related
transitions in all three samples. As illustrated in section 2.3.1, the BX-related PSBs, on
the other hand, appear as small peaks on the low-energy side of the FX sidebands, decreas-
ing fast in intensity with the rising temperature due to the BX ionization. The observation
of pronounced PSB emission over one order of magnitude of lattice temperature as well
as the weak BX contributions to the phonon-assisted PL both render the samples as highly
suitable for the analysis of the sideband ratios.
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Figure 4.8: PL spectra of ZnO (a) ZnS (b), and CdS (c) samples at low excitation densi-
ties and non-resonant excitation conditions as function of lattice temperature.
The latter is varied between 10 K and 90 K in discrete steps of ∆T = 20 K. Sig-
natures of bound and free excitons as well as the PSBs, corresponding to the
latter, are marked by BX, FX, and PSBn, respectively.
4.2.2 Analysis of phonon-sideband ratios
As a qualitative overview, time-integrated PL spectra of the CdS and the ZnO samples are
shown in Fig. 4.9 (a) and (b), respectively, at two different lattice temperatures of T = 10 K
and T = 90 K, in the spectral range of the first two PSBs. The spectra are normalized to
the respective PL maxima of the second PSB, and the energy scale is chosen relative to
the ZPL peak for better comparison. Time resolved PL traces of the PSB2 emission are
plotted in the corresponding insets. In both samples, the luminescence dynamics are al-
most single-exponential and do not change significantly with rising temperature. The data
thus confirms exciton-related PL, see section 4.1, and also excludes thermal activation of
additional recombination channels, c.f. 2.3.1. The most important observation, however,
is the strong decrease of the ratio between the second and the first PSB in CdS and al-
most constant relative PSB intensities in case of the ZnO when the lattice temperature is
increased from 10 K to 90 K.
To quantify these differences, temperature-dependent relative areas of the first two PSBs
are evaluated. To ensure that no extrinsic contributions from the BX luminescence, c.f.
Fig. 4.8, affect the analysis, the BX peaks are fitted with Lorentzians and subtracted from
the measured spectra. Exemplary results of this procedure are shown in Fig. 4.10 (a) and
(b) at a lattice temperature of 10 K for CdS and ZnO, respectively. After the subtrac-
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Figure 4.9: Time-integrated PL spectra of the first and the second PSB in CdS (a) and
ZnO (b) at lattice temperatures of T = 10 K and T = 90 K and the excitation
density of 1011 photons/cm2 per pulse. The spectra are normalized to the
PSB2 maximum for clarity. The inset shows the emission dynamics of the
second PSB.
tion of the BX contributions, the typical, intrinsic spectral shape of the PSBs is revealed,
with a steep low-energy slope and a pronounced flank at higher energies. Especially in
case of the ZnO sample, the difference between the measured spectrum with the broad BX
emission and the pure PSB luminescence is significant. Therefore, the ZnO data is used to
estimate the effect of the fitting procedure on the extracted subband ratio PSB2/PSB1. The
comparison of different evaluation schemes is shown in Fig. 4.10 (c). In addition to the
BX subtraction, results of the integration over the PSB peaks as well as the simple ratio of
the sideband intensity maxima are included. Interestingly, though the different approaches
yield slightly deviating PSB ratios, the overall temperature-dependent PSB2/PSB1 value
remains constant at about (0.24±0.03). Also, the data from a second ZnO bulk sam-
ple, used for the confirmation of the experimental findings, reproduces the results of the
original sample. As a result, to ensure consistent analysis, the BX subtraction scheme is
applied for the evaluation of the PSB ratios from all three samples. The error bars are then
given by the standard deviation in the range of 0.03 due to the uncertainties in the fitting
procedure.
The temperature dependence of the experimentally obtained PSB2/PSB1 intensity ratios
for ZnO, ZnS and CdS samples is plotted in Fig. 4.11 (a). The ratio strongly decreases for
CdS, exhibit a less pronounced change for the ZnS, and remains constant in case of the
ZnO within the experimental error. The corresponding theoretical results from many-body
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Figure 4.10: As measured PL spectra, corresponding BX fits, as well as the resulting
spectra after BX subtraction are exemplary plotted for CdS (a) and ZnO (b)
at T = 10 K in the energy range of the first two PSBs. Comparison of different
evaluation schemes for the relative subband intensities is shown in Fig. (c).
Open circles denote data from a second ZnO sample, included for additional
verification of the experimental observations.
calculations are shown in Fig. 4.11 (c). The ratios are obtained by calculating the contribu-
tions of Fröhlich and deformation-potential coupling using material parameters and inter-
action constants from the literature [58, 123, 36, 124]. No fitting to the experimental data
is applied. The calculations can thus be considered as fundamental theoretical predictions
for the material behavior. The more astonishing is the perfect match of the experimental
results to the calculated PSB ratios regarding the characteristic temperature dependence
and also the absolute values. According to the previous discussion in section 2.2.1 and
as a result of the respective calculations, the dominant exciton-phonon interaction mech-
anisms are clearly assigned to Fröhlich interaction for CdS and to deformation-potential
coupling for ZnO, with ZnS as an intermediate case.
These findings are further corroborated by the pump power dependence of the PSB lu-
minescence. Since the carrier temperature rises for increasing excitation densities due
to the hot-phonon effect [38], this approach provides an alternative way to alter the exci-
ton distribution in favor of higher k-values, i.e., momenta. However, the carrier density
should be kept below the Mott-transition to ensure dominant excitonic contributions to
the PL signal. Figure 4.12 (a) shows the PSB2/PSB1 intensity ratios for ZnO and CdS at
T = 10 K as a function of the excitation power. Again, n0 corresponds to the photon flux
of 1011 photons/cm2 per pulse. The approximate density region of the Mott-transition is
marked by the gray area for CdS, based on the results of previous investigations, see sec-
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Figure 4.11: (a) Ratios of the second and first phonon sidebands as function of lattice
temperature for ZnO (circles), ZnS (squares), and CdS (triangles, top to bot-
tom) for an excitation density of 1011 photons/cm2 per pulse. The solid lines
are given as guides to the eye. The corresponding results obtained from the
fully-microscopic calculations are shown in (b).
tion 4.1. In case of the ZnO, this region is beyond the CdS value due to the smaller exciton
Bohr radius and is thus not reached by the highest pump power. When the carrier density
is increased, the PSB2/PSB1 ratio remains nearly constant and even increases slightly for
ZnO. At the same time, the relative intensity of the second sideband decreases almost
by a factor of two in case of CdS. These results are fully consistent with temperature-
dependent measurements, showing the expected behavior for Fröhlich interaction for the
PSB emission in CdS and deformation potential scattering as the dominant mechanism in
ZnO. Interestingly, the pronounced density dependence of the PSB ratio also influences
the relative PL dynamics, plotted in Fig. 4.12 (b) and (c) for ZnO and CdS as direct com-
parison. The decay rates of the first and the second PSB are equal for the ZnO sample, as
commonly expected, yet they deviate from each other in case of CdS due to the significant
change in the PSB ratio for decreasing carrier density, c.f. Fig. 4.12 (a).
In summary, exciton-phonon interaction mechanisms in polar semiconductors are stud-
ied. The experimental data is analyzed by evaluating the relative ratios of the excitonic
PSBs as function of lattice temperature and excitation density, both used to alter the car-
rier distribution in momentum space, c.f. discussion in section 2.1.2. The findings are
compared to the calculations via microscopic many-body approach to identify the dom-
inant scattering processes. Fröhlich coupling governs the exciton-phonon interaction in
87
4 Role of the Coulomb-interaction in phonon-assisted emission
Figure 4.12: (a) Ratio of the second and first phonon sidebands as a function of excitation
density at T = 10 K for ZnO and CdS. Solid lines are guides to the eye. n0
corresponds to the photon flux of 1011 photons/cm2 per pulse. Normalized
transients for ZnO (b) and CdS (c) of the first and the second PSB are shown
by solid lines and gray areas, respectively.
CdS while deformation potential scattering turns out to be the dominant mechanism in
ZnO, and both processes contribute about equally in ZnS. It is important to notice that
the scattering between single electrons and optical phonons are dominated by the Fröh-
lich interaction in all studied cases due to the strong polarity of the respective materials.
However, particularly for ZnO, these contributions are suppressed by the strong Coulomb-
coupling of electrons and holes in excitons rendering deformation potential scattering the
overall dominant mechanism responsible for the sideband emission.
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novel semiconductor material
systems
The experiments presented this chapter are focused on the characterization measurements
of recently synthesized material systems: ZnO/(ZnMg)O heterostructures, GaN quantum
wires (QWires), as well as the (GaAs)Bi quantum wells (QWs). The former two materials
are designed for potential electro-optical applications in the UV spectral range [12, 13].
The TRPL spectroscopy is applied to gain insight as well as a better understanding of
the respective carrier relaxation and recombination processes, both crucial for the device
operation. The latter material system, Ga(AsBi), is a possible candidate for light-emitting
devices in the NIR, at the telecom wavelengths of 1.3 µm and 1.55 µm [14]. The main hall-
mark of this semiconductor is the giant band gap reduction with Bi content [22], unusually
large for the more typical materials [36]. The aim of the studies is the systematic inves-
tigation of carrier dynamics. The measurements are supported by kinetic Monte-Carlo
simulations [23], providing a quantitative analysis of carrier localization effects.
5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures
This section deals with time-resolved spectroscopy studies of ZnO-based heterostructures.
ZnO is a direct-gap II-VI semiconductor with the band-gap in the UV spectral range at
about 3.4 eV, adopting the hexagonal wurtzite crystal structure. The material is known
for its comparably large exciton binding energy of 60 meV as well as for strong electron-
phonon coupling, both exploited for the investigations discussed in the previous chapter,
see 4.2. A comprehensive review of the material properties is given in Refs. [125, 12, 126].
The studies conducted within the framework of my thesis are focused on the investi-
gation of the ZnO quantum wells with (ZnMg)O barriers, recently available due to the
improved growth methods [127, 128, 129]. This system is proposed for the application
of ZnO in electro-optical devices as photo-detectors, light-emitting diodes and, above
all, lasers in the UV spectral range, attracting much interest in the scientific commu-
nity [130, 131, 132, 133]. All these applications have in common that, in general, their
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Figure 5.1: (a) Exemplary TRPL intensity plot of a ZnO/(ZnMg)O heterostructure as
function of emission energy and time after non-resonant, pulsed excita-
tion. The lattice temperature is set to 10 K and the excitation density - to
4·1010 photons/cm2 per pulse. Free- and bound-exciton emission of the ZnO
substrate is marked by FX and BX, respectively. (b) Schematic illustration of
the corresponding carrier relaxation and recombination dynamics.
performance is highly sensitive to the carrier dynamics. Hence, the detailed knowledge
of the latter remains a crucial task for the optimal design as well as the effective operation
of the ZnO-based devices. Here, time-resolved PL spectroscopy is applied to gain insight
as well as a better understanding of the respective carrier relaxation and recombination
processes in ZnO/(ZnMgO) heterostructures. All samples studied in the following inves-
tigations are grown in the group of Prof. Martin Eickhoff by Bernhard Laumer and Dr.
Thomas Wassner using plasma-assisted molecular beam epitaxy[127]; details are found
in Ref. [134, 135].
As an overview, an exemplary streak-camera image of the measured low temperature
TRPL from a ZnO/(Zn0.9Mg0.1)O sample is shown in Fig. 5.1 (a) for low excitation den-
sity. The sample consists of an about 300 nm thick ZnO buffer on a sapphire substrate,
followed by a 2 nm ZnO QW embedded between two (Zn0.9Mg0.1)O barriers of about
20 nm each. The carriers are non-resonantly excited into the barriers at Eexc = 4.3 eV, cor-
responding to the typical excitation conditions for an optically pumped laser. The ratio
of photons absorbed in the (ZnMg)O layers is estimated to about 50 %, using the absorp-
tion coefficient of ZnO from Ref. [136] as an approximation. The emission peaks of the
ZnO QW, the (ZnMg)O layers, as well as from the ZnO substrate are clearly observed
and identified by their respective spectral positions. The QW and substrate PL both dom-
inate the spectrum. Also, in all three cases, the signal rises quasi-instantaneously with
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the resolution of the experiment of about 30 ps. Based on these first observations, a ba-
sic, general scheme for the carrier dynamics is proposed, illustrated in Fig. 5.1 (b). Most
carriers are directly excited either in the (ZnMg)O barriers or in the ZnO substrate since
the contribution of the single QW to the overall absorption is negligible. The carriers in
Zn(MgO) layers are captured into the QW on a sub-30 ps time-scale, leading to a strong
QW emission. However, some of the carriers are still localized in the barrier layers since
a pronounced, long-living PL signal from the (ZnMg)O is observed. In addition, relax-
ation of carriers from the lower barrier towards the ZnO substrate can not be excluded.
These findings lead to a number of questions, relevant for possible applications of ZnO-
heterostructures as emitting devices:
• What is the reason for carrier localization in the barrier layers?
• How fast are the carriers captured into the QW?
• Are QW carriers free to move in two dimensions or are they localized in the in-plane
direction?
• Does radiative or non-radiative recombination dominates carrier lifetime in the
QW?
The aim of the following studies is finding answers to these questions. The discussion
is organized as follows: first, carrier localization in (ZnMg)O epi-layers is investigated,
excluding any contributions from fast relaxation processes towards QW. Then, carrier-
density-dependent screening of internal electric field is used as a probe for carrier pop-
ulation in the ZnO QWs, allowing to monitor carrier capture from the barriers. Finally,
radiative and non-radiative contributions to the carrier lifetime are studied for different
growth conditions of the QWs. In the latter two subsections, an additional emphasis is
laid on the quantification of the in-plane carrier localization. For this purpose, the anal-
ysis of the phonon-assisted emission, previously discussed in sections 2.2.1 and 4.2, is
applied.
5.1.1 Carrier localization in (ZnMg)O layers
The investigations in this subsection are focused on the study of carrier relaxation dy-
namics in ternary (Zn1−xMgx)O alloys. The samples are single epitaxial layers grown on
a sapphire substrate with an average layer thickness of 0.3 µm and Mg concentrations of
x = 0, x = 0.04, x = 0.06 and x = 0.21, respectively The Mg concentrations are estimated by
comparing the measured PL emission energies with literature values [129, 134, 137, 138]
and are also confirmed by the x-ray diffraction measurements in the group of Prof. Martin
Eickhoff. The absence of the QW and only a thin ZnO buffer of several 10’s of nm are
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Figure 5.2: TRPL spectra of (Zn1−xMgx)O samples with Mg concentrations of x = 0 (a)
x = 0.04 (b), and x = 0.21 (c). The lattice temperature is varied between 10 K
and 290 K. The excitation energy and incident photon density are held con-
stant at 4.3 eV and 1011 photons/cm2, respectively.
chosen to avoid any significant contributions of fast carrier capture processes, typically
present in more complex heterostructures. All samples are excited non-resonantly with a
photon energy of 4.3 eV, far above the absorption edge in all samples, and a pump flux of
1011 photons/cm2 per pulse to ensure comparable experimental conditions. The temporal
resolution is varied between 4 ps and 30 ps, corresponding to detection windows of 200 ps
and 2 ns, respectively.
PL spectra for three exemplary (Zn1−xMgx)O samples are shown in Fig. 5.2 in the tem-
perature range between 10 K and 290 K. The experimental data are time-integrated over
the complete detection window, normalized, and vertically shifted for clarity. The sample
with x = 0 shows the well-known spectral signatures of ZnO, i.e., bound (BX) and free
(FX) excitons, as well as the corresponding LO-phonon sidebands [9, 139]. Aside from
an increased broadening and a frequency shift, the spectra of the (Zn1−xMgx)O sample
with a Mg concentration of x = 0.04 exhibit spectral characteristics similar to those of the
ZnO reference sample. As shown in Fig. 5.2 (c), the broadening and the spectral shift are
even more pronounced for higher Mg concentration [137]. The concentration-dependent
broadening of PL spectra is a common feature in ternary alloys. It is generally attributed to
spatial fluctuations of the alloy composition, such as the Mg content in the (Zn1−xMgx)O
material system [9]. The influence of such fluctuations on the absorption and PL spec-
tra of (Zn1−xMgx)O has been reported in a number of experiments [127, 134, 138, 140].
The alloy disorder results in the formation of localized states below the band edge, i.e.,
additional broadening of the so-called Urbach tail [9, 141]. As already discussed in sec-
tion 2.3.2, the presence of these states strongly affects both the emission spectrum and the
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Figure 5.3: Transients of the (Zn1−xMgx)O samples with x = 0 and x = 0.21 in the tem-
perature range between 130 K and 290 K.
dynamics of the excited carrier system, leading, e.g., to a pronounced S-shape of the PL
maximum. Here, though the PL spectra from the samples clearly exhibit an S-shape, c.f.
Fig. 5.2 (b), the deconvolution between the impact of alloy-disorder and the contributions
from the BX ionization is rather challenging due to the spectrally broad emission. In
addition, the S-shape-related shift of the PL maximum to higher energies with rising tem-
perature starts only at about 300 K for the sample with the Mg concentration of 21 %. At
these temperatures a quantitative approach is also limited by phonon-induced broadening.
Therefore, the analysis of the time-resolved data is applied.
For direct comparison, the PL intensities of the ZnO reference with 0 % Mg and the
21 % Mg sample are plotted in Fig. 5.3 (a) and (b), respectively. The temperature range
is chosen from 130 K to 290 K to minimize contributions from bound excitons. The ZnO
signal shows a fast decay on a 30 ps time-scale and only a weak temperature dependence.
Here, the lifetime of the excited carriers is governed by the interplay of radiative carrier
recombination and the carrier capture by the deep traps. In contrast to the ZnO refer-
ence, the PL decay time decreases by almost one order of magnitude for the sample with
x = 0.21 as the temperature is raised from 130 K to 290 K. At the same time, the absolute
carrier lifetimes are significantly longer than in the pure ZnO sample, excluding a trivial
explanation by faster non-radiative recombination rates in the (Zn0.79Mg0.21)O sample.
An overview of the temperature-dependent 1/e decay times for all (ZnMg)O samples is
shown in Fig. 5.4. The 1/e time is defined as the time when the signal intensity decays to
the 1/e-th of the peak value, and is used here for consistency. The decay time strongly in-
creases with increasing Mg concentration by up to two orders of magnitude. In addition,
the temperature variation of the carrier lifetime is much more pronounced for Mg-rich
samples. The inset of the Fig. 5.4 shows the integrated PL intensity and the recombi-
nation rate, i.e. the inverse lifetime, of the 21 % Mg sample as function of temperature.
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Figure 5.4: Temperature-dependent 1/e decay times of the (ZnMg)O samples with vary-
ing Mg concentrations. Integrated PL intensity and carrier recombination rate
of the 21 % Mg sample are shown in the inset.
The decrease of the PL amplitude follows the increase of the carrier recombination rate.
Thus, the faster PL decay at elevated temperatures is clearly attributed to an increased
non-radiative recombination rate. These results strongly suggest that localization and dis-
order effects dominate the emission properties and carrier dynamics with increasing Mg
concentration, see the discussion in section 2.3.2.
At low temperatures and high Mg concentrations, most carriers are trapped in randomly
distributed local potential minima generated by alloy fluctuations. As a consequence,
the carrier mobility is low and the carrier lifetime is high compared to that of mobile
carriers. The potential fluctuations become more pronounced with increasing Mg-content,
i.e., increasing alloy disorder, as one can also deduce from the absorption spectra by the
broader band-tail state distribution [127, 134]. The carriers are thus stronger localized
with a further-reduced non-radiative recombination probability and therefore exhibit a
longer PL decay. At elevated lattice temperatures, photo-generated carriers can leave local
potential minima by hopping into more favorable states at lower energies. This causes the
frequently observed red shift of the PL peak position which is a part of the S-shape. As the
temperature is increased further, the carriers are thermally activated to higher states. The
PL maximum exhibits a blue shift and the decay time becomes shorter, c.f. Fig. 5.4, due
to the faster carrier diffusion and therefore an increased capture probability by the deep
impurities. At even higher temperatures, the carriers are completely delocalized with an
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even larger non-radiative recombination probability.
Figure 5.5: Spectrally and temporally integrated PL intensities of the (Zn1−xMgx)O sam-
ples as function of the lattice temperature along with the corresponding fit
curves. The inset shows the extracted activation energies for the different Mg
concentrations.
This interpretation is strongly corroborated by the analysis of the spectrally and tempo-
rally integrated PL intensity as a function of temperature, shown in an Arrhenius plot in
Fig. 5.5 for all four samples. For quantitative description of the experimental data, the
standard thermal activation model is used:
IPL ∝
(
1+Ae−
Ea
kbT
)−1
, (5.1)
see section 2.3.1 and Ref. [101]. Here, the most important parameter is the activation
energy Ea of the luminescence quenching process. For the pure ZnO sample, the fit
yields Ea in the range of 20 meV, corresponding to the binding energy of donor bound
excitons. The activation energy strongly increases for an increasing Mg concentrations up
to (110±10) meV for x = 0.21. This value is the first estimation of the mean localization
energy and therefore the characteristic disorder scale.
The influence of alloy disorder is also observed in the characteristic energy dependence
of the PL decay time. The 1/e decay times are shown as function of the emission energy
for the ZnO and the (Zn0.79Mg0.21)O samples in Fig. 5.6 (a) and (b), respectively. The PL
lifetime show no dependence on the emission energy within the resolution of our experi-
mental setup in the ZnO reference, as expected. In contrast to that, significant variations
are found for the (Zn0.79Mg0.21)O sample. Here, the 1/e time is nearly constant on the
low-energy side of the PL spectra, drops slightly below the maximum of the PL peak
and show a pronounced decrease on the high-energy side. The remaining Mg-containing
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Figure 5.6: 1/e decay times for the (ZnMg)O samples with Mg concentration of x = 0 (a)
and x = 0.21 (b) at 500 ps after the excitation as function of the emission en-
ergy. Respective PL spectra are shown by filled areas for comparison. Time
resolved transients for the x = 0.21 sample at T =210 K are plotted in (c) for
different emission energies between 3.55 eV and 3.75 eV; the energies are
marked by arrows in (b). The theoretical fits in (b) and (c) are shown as dotted
lines.
structures exhibit comparable behaviors. The energy dependence of the carrier lifetime
results from the interplay between the relaxation and recombination processes [142]: fast
relaxation into low-lying states dominates the carrier dynamics on the high-energy flank
of the state distribution whereas the much slower recombination is the main decay channel
for the localized carriers on the low-energy side. For a quantitative analysis, the theoreti-
cal model [106] for the energy-dependent PL decay rate is used
τ−1(E, t) = τ−10 +
pi
2t
N0α3ln2(
tν0
ln2)e
E−Eme
E0 (5.2)
and
I(E, t) ∝ exp[−
1
τ0
−
pi
6N0α
3ln3( tν0ln2)e
E−Eme
E0 ], (5.3)
for the transient PL intensity.
As can be seen in Fig. 5.4 (b) and (c), this phenomenological model yields an excellent
agreement with the experimental data thus allowing for a reasonable extraction of the fit
parameters. The best fit is obtained for the characteristic energy scale for the exponen-
tial distribution of the localized states of E0 = (60±15) meV with a relative density of
the localization sites of N0α3 = (0.08±0.02). The characteristic energy E0 matches well
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to the magnitude of the thermal activation energy of the PL quenching and the energy-
scale of the absorption tail, measured in Ref. [134]. It also explains the observation of
the S-shape at rather high temperatures in the (Zn0.79Mg0.21)O sample, see Fig. 5.2 (c).
One further obtains Eme = (3.90±0.1) eV for the mobility edge which agrees with the ab-
sorption edge of the sample with comparable Mg concentration [134]. The remaining pa-
rameters are the effective lifetime τ0 = (1000±50) ps and the attempt-to-escape-frequency
ν0 = (7±1)·1013 s−1.
In summary, the characteristic temperature dependence of the carrier lifetimes as well as
the emission intensities in (Zn1−xMgx)O alloys clearly show that carrier localization dom-
inates the emission dynamics. These effects become increasingly important for higher Mg
content and are present even at room temperature in the sample with 22 % Mg. The locali-
zation phenomena are thus clearly attributed to the alloy disorder due to Mg concentration
fluctuations. In addition, characteristic disorder scale of (60±15) meV is identified for
the sample with the highest Mg concentration of x = 0.21 by a quantitative analysis of the
time-resolved data. Hence, in case of a ZnO/(ZnMg)O heterostructure, the alloy disorder
in (ZnMg)O should lead to emission from localized states within the barriers, c.f. Fig 5.1,
and also might have an impact on localization and/or carrier capture in ZnO QWs. The
latter phenomena are further clarified in the following sections.
5.1.2 Screening of the internal-fields as a probe for carrier
populations
The final aim of the experiments discussed in this subsection is the direct observation
of carrier relaxation from (ZnMg)O barriers into the ZnO QW. Unfortunately, emission
spectroscopy usually does not allow for a direct measurement of the carrier populations,
especially, in systems with translational symmetry. In general, the rise of the PL signal
is determined by both carrier density and carrier temperature since radiative recombina-
tion rates are much slower in case of hot carrier distributions, see the discussion in sec-
tion 2.1.2. Therefore, an experimental procedure is developed to circumvent this issue.
One of the major hallmarks of wurtzite crystals are the built-in electric fields, typically
present in structures of reduced dimensionality. These fields strongly influence the op-
tical properties of the material system, leading to the previously introduced QCSE 2.2.2.
The influence of the latter, however, is rather sensitive to the carrier density in the system
due to the Coulomb-mediated screening of the internal fields. Hence, it should be pos-
sible to exploit the screening phenomena for the direct observation of carrier population
inside a QW. In addition, the build-up of screening is expected to occur on an ultra-fast
time-scale of sub 1 ps [74]. This allows to take full advantage of the time-resolution of
the streak-camera setup.
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The discussion of the experimental studies is organized as follows: first, specifically de-
signed ZnO/(ZnMg)O heterostructures are characterized by TRPL measurements. The
emphasis of these preliminary investigations is laid on the evidence for a pronounced
QCSE, required for the screening studies, but also on carrier localization in the QWs. In
the second part, the effect of screening of the internal field on the PL properties is quan-
tified. Finally, the verification for the concept of monitoring QW carrier population by
exploiting screening phenomena is given and the results are discussed.
Characterization of QCSE in ZnO quantum wells
The samples used for the screening studies are ZnO/(ZnMg)O heterostructures with vary-
ing QW widths between d = 0.8 nm and d = 9 nm, grown in the group of Prof. Martin
Eickhoff. The Mg concentration, chosen as high as 20 %, should lead to significant
strain due to the large lattice-mismatch thus yielding considerable piezo-fields in the
QWs [124, 143]. The samples are characterized in the TRPL setup at the lattice tem-
perature of T = 10 K. Low-power excitation into the (ZnMg)O barriers is applied, with a
photon energy of 4.3 eV and the average photon flux of about 1012 cm−2 per pulse. The
temporal and spectral resolution of the TRPL setup are 30 ps and 0.5 nm, respectively.
Figure 5.7: Spectra (a) and transients (b) of the ZnO/(Zn0.8Mg0.2)O samples with QW
widths between d = 0.8 nm and d = 9 nm for non-resonant excitation into the
barrier at 4.3 eV. The lattice temperature is set to 10 K and the excitation den-
sity - to 1012 cm−2 photons per pulse. Energy of the ZnO bulk PL is shown
by the dotted arrow in (a) for comparison.
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Figure 5.8: Shift of the PL maximum (a), evolution of the decay time (b) as well as the
spectrally integrated PL intensity over 2 ns time-range (c) as function of the
QW width of ZnO/(Zn0.8Mg0.2)O samples.
PL spectra, integrated over 2 ns after the excitation and normalized for better comparison,
are plotted in Fig. 5.7 (a) for the QW series. Pronounced QW emission is observed in
all five samples along with the respective phonon-assisted transitions. As the QW width
increases, the PL maximum shifts to lower energies, well below the ZnO bulk emission
energy for the QWs with d≥ 3.5 nm. Simultaneously, the corresponding PL transients,
shown in Fig. 5.7 (b), exhibit a strong increase of the decay time, leading to pronounced
a "back-sweep" artifact in the data of the 3.5 nm, 7 nm and 9 nm QWs due to the long
carrier lifetimes. Furthermore, the barrier PL, emerging on the high-energy side of the
d = 0.8 nm spectrum at about 3.8 eV, confirms high Mg content of about 20 %, c.f. Fig 5.2.
The dependencies on the QW width of the PL maximum, decay time, and intensity are
summarized in Fig. 5.8 (a), (b), and (c), respectively. The decay times are extracted by
the fitting procedure discussed in section 3.1 and given in appendix (2). The PL intensity
is integrated over the respective QW spectra and the temporal detection window of the
streak-camera of 2 ns. All findings are characteristic for the presence of a strong internal
electric field inside the QWs, parallel to the growth direction. While the emission of
the two QWs with the smallest width is still governed by carrier confinement, the PL
of the remaining three samples shows pronounced QCSE contributions. The decrease
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Figure 5.9: Huang-Rhys factor, extracted from the PSB1/ZPL ratio, and optical phonon
scattering coefficient from the temperature-dependent FWHMs as function of
the QW width
of the PL maximum is accompanied by the increase of carrier lifetimes as well as the
decrease of the PL intensity, both by more than two orders of magnitude. The latter
occurs since the temporal detection range becomes much smaller than the recombination
time of the spatially separated electrons and holes for increasing well widths. The data
from Fig. 5.8 (a) also allow for an approximative estimation of the electric field strength
F. The slope of the PL maximum as function of the well width for the three samples with
d≥ 3.5 nm gives F≈ 34 meV/nm = 0.3 MV/cm, matching the magnitude of the electric
fields expected for comparable systems [129, 143].
Interestingly, such a high built-in electric field and the resulting carrier separation with
increasing QW width also strongly influences the carrier-phonon coupling. The evalua-
tion of the Huang-Rhys factor from the relative intensities of the first PSB and the ZPL
(s. Eq. (2.42) in 2.2.1) as well as the ΓLO parameter for the scattering strength with opit-
cal phonons from temperature-dependent FWHMs (s. Eq. (2.30) in 2.1.2) both clearly
demonstrate this fact, see Fig. 5.9. Indications for this behavior are observed in a couple
of experiments [144, 143]. However, neither the hypothesis from the Ref. [144] applies for
the studied samples, nor any additional contributions from the Fröhlich scattering due to
the spatial separation of exciton constituents are observed. Possible influence of the latter
is evaluated applying the temperature-dependent PSB analysis from section 4.2. Hence,
the origin of the experimentally found enhancement of the carrier-phonon coupling with
rising QW width in the presence of a strong internal field is still unclear. Additional ex-
perimental and, above all, theoretical studies aimed to clarify this question are beyond the
scope of this work, opening opportunities for further investigations.
In conclusion, the preliminary characterization of the ZnO/(Zn0.8Mg0.2)O samples clearly
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shows that strong electric field in order of 0.3 MV/cm is present in the heterostructures.
The influence of the QCSE on the emission properties is significant, especially for the
samples with large well widths. Based on these observations, the QW with d = 7 nm is
chosen for the following investigations, offering a good trade-off between pronounced
QCSE and comparably high emission intensity thus providing reasonable signal-to-noise
ratios.
Carrier localization effects
After clarifying the influence of QCSE in the samples under study, the focus of the in-
vestigations is laid on the characterization of carrier localization, aimed to answer the
third initially raised question, see 5.1. For this purpose, temperature-dependent TRPL
measurements on the QW sample with d = 7 nm are discussed. The sample is excited non-
resonantly with a photon energy of 4.3 eV and a photon flux of 1012 cm−2 photons per
pulse. Figure 5.10 shows the experimental data for the PL maximum, decay time and the
integrated PL intensity as function of the lattice temperature. The characteristic S-shape
is clearly observed in the energy shift of the emission maximum, typical for disordered
systems with effective carrier localization, c.f. section 2.3.2. As already discussed, the
average localization energy Eloc of about 11 meV marks the critical temperature for the
delocalization of carriers, trapped in potential minima at lower temperatures. Also, the
decay time as well as the overall emission intensity both decrease, indicating faster non-
radiative recombination due to increased carrier diffusion and thus capture probability
into the deep traps. There are several possible reasons in the ZnO QW systems for carrier
localization. Excitons can be bound to chemical impurities, already present in the bulk
crystals. Also, the energy levels are affected by the fluctuations of barrier heights due to
the alloy disorder in the (ZnMg)O layers, studied in section 5.1.1. The latter should also
influence the local strain and thus the magnitude of the internal field, leading to vary-
ing QCSE contributions. The precise contributions of the different origins for potential
fluctuations are rather challenging to estimate due to the broad FWHMs of the sample PL.
However, an additional analysis of the PSBs provides a convenient way to estimate the
maximal localization length. As previously discussed in section 2.2.1, Fig. 2.16, local-
ized and free carriers lead to different characteristic dependencies of the energy spacing
∆EZPL−PSB1 between the ZPL and the first PSB on temperature. In case of carrier localiza-
tion, the relaxation of the momentum conservation rule leads to a constant ∆EZPL−PSB1,
equal to the LO-phonon energy ELO. In contrast to that, this energy difference is always
lower than ELO for freely moving carriers, even at low temperatures. Furthermore, ss
the temperature is increased, ∆EZPL−PSB1 exhibitis a monotonous decrease. The spectral
interval between PSB1 and PSB2, on the other hand, always remains in the range of the
phonon energy for both free and localized electron-hole-pairs. Figure 5.11 shows the cor-
101
5 Ultra-fast luminescence studies of novel semiconductor material systems
Figure 5.10: PL energy maximum (a), 1/e decay time (b) and the integrated intensity (c)
of the ZnO/(Zn0.8Mg0.2)O QW with d = 7 nm as function of the lattice tem-
perature for the excitation density of 1012 cm−2 photons per pulse
responding plots of the ∆EZPL−PSB1 and ∆EPSB1−PSB2 for the ZnO/(Zn0.8Mg0.2)O QW (a)
and a ZnO bulk layer (b) for comparison. In the latter case, the evolution of the respective
energy intervalls with the rising lattice temperature confirms the theoretical predictions
for free (FX) and bound (BX), i.e., localized, excitons. Clear support for the previous
results, shown in Fig. 5.10, is found in the ZnO QW data. A constant energy spacing
between the ZPL and the PSB1 peak of about ELO is a characteristic hallmark of the
emission from localized states. Here, the highest temperature for the measured, constant
∆EZPL−PSB1 value is 150 K, limited by the overlap between the ZPL and the PSB peaks
due to the spectral broadening of the sample emission. This temperature corresponds to
the energy of ∆E = 13 meV, indicating that momentum relaxation rule is softened at least
for the carrier momenta lower than ∆k = 6·106 cm−1. The value is obtained from ∆E,
approximating the band structure with parabolic bands and taking into account the effec-
tive masses of electrons and holes in ZnO [36]. According to the uncertainty relation, the
corresponding length ∆x is about 5 nm, marking the upper limit of the spatial scale for
carrier localization.
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Figure 5.11: Respective energy intervals between the ZPL, PSB1 and PSB2 for
ZnO/(Zn0.8Mg0.2)O QW (a) and bulk (b) samples as function of the lattice
temperature. ELO denotes the LO-phonon energy and Tmax the highest tem-
perature for the measured, constant ∆EZPL−PSB1 value.
Screening of the QCSE
In this last part of the section, the screening of the internal electric fields is studied. Again,
the sample with a well width of d = 7 nm is used for the investigations. The lattice temper-
ature is set to 10 K to avoid any additional homogeneous broadening thus allowing most
precise measurements of the PL energy shifts. Since the final aim of the experiments is
the analysis of carrier capture from the barrier states into the QW, the sample is excited
non-resonantly in the (ZnMg)O layer with a photon energy of 4.3 eV. These excitation
conditions also allow for better comparison with the previously discussed experiments.
Figures 5.12 (a) and (b) show several exemplary emission spectra from the ZnO QW for
various time-delays after excitation for low and high excitation density of 3·1012 cm−2
and 1.4·1013 cm−2 photons per pulse, respectively. All spectra show pronounced QW PL
with the low-energy dominated by the phonon-assisted emission peaks as well as some
contributions from the back-sweep artefact for the spectra in Fig. (b). At low pump power,
the PL maximum remains constant over the complete temporal window of about 1.5 ns.
Merely a slight excitation-induced broadening is observed at early times. In stark con-
trast to that, the PL exhibits an initial shift to higher energies of about 90 meV for the
high-power conditions. At longer times, the emission maximum shifts back to lower en-
ergies. The pronounced energy shift observed at high pump densities is characteristic for
the Coulomb-mediated screening discussed in more detail in section 2.2.2. The carriers
within the QW screen the internal field thus weakening the impact of the QCSE, leading
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Figure 5.12: PL spectra of a ZnO/(Zn0.8Mg0.2)O QW with d = 7 nm for two different
pump densities of 3·1012 cm−2 and 1.4·1013 cm−2 photons per pulse for var-
ious time-delays after the excitation. All spectra are integrated over a time
window of 120 ps . The data are normalized and shifted for clarity. The
lattice temperature is set to 10 K.
to faster radiative recombination as well as to a pronounced shift of the PL energy. As the
carriers recombine, the effect of screening also decreases, following the decrease of the
carrier density. Hence, at longer time-delays after the excitation, the emission maximum
returns to the initial position in energy.
The influence of carrier density-dependent screening on the emission properties of the
QW is summarized in Fig. 5.13. The emission maximum is extracted from the PL spec-
tra, integrated over a 50 ps temporal window directly after the excitation. As the pump
density increases, the PL energy strongly shifts towards higher energies. This behavior is
accompanied by a decrease of the decay time of about two orders of magnitude. A super-
linear dependence of the emitted intensity on the pump power quantified by the exponent
κ = 1.4, attributes the decrease of the carrier lifetime to faster radiative recombination.
Hence, possible alternative interpretation of the experimental findings as saturation of the
localized states is clearly excluded. In the latter case, the PL intensity dependence on the
excitation density would show a linear or even a sublinear behavior. According to the PL
data, the density-dependent screening of the QCSE is a strongly non-linear process thus
allowing to sub-divide the excitation regimes in regions of an un-screened and screened
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Figure 5.13: PL energy maximum (a), 1/e decay time (b) and the integrated intensity (c)
of the ZnO/(Zn0.8Mg0.2)O QW with d = 7 nm as function of the excitation
density for the lattice temperature of 10 K. The excitation density is normal-
ized to the photon flux of n0 = 1012 cm−2 per pulse. κ denotes the exponent
extracted from the dependence of the PL intensity IPL on the pump power:
IPL = Iκpump.
QCSE. Here, it should be noted, that since the PL maximum is always below the en-
ergy of the ZnO bulk transition, corresponding to a fully screened electric field, the term
"screened QCSE" should be understood as a substitute for "partially screened QCSE".
Based on the results shown in Fig. 5.13 the excitation density of 6 n0 is chosen for the
study of the screening formation. The temporal detection window is set to 50 ps instead
of 2 ns, corresponding to the effective time resolution of about 3 ps. In addition, the
streak-camera is operated with an active blanking unit to avoid back-sweep contributions.
Transient PL spectra, integrated over an interval of 2 ps, are plotted in Fig. 5.14 (a) as
function of the time-delay after the excitation. The corresponding streak-image with the
PL intensity plotted as function of the emission energy and time is shown in Fig. 5.14 (b).
The PL signal at negative times results from the remaining carrier population in the QW,
created by the previous laser pulse. At t = 0 ps, as the excitation pulse arrives, the emission
peak, attributed to the screened QCSE, appears instantaneously at the high-energy flank of
the "un-screened" PL. At later delay times, the intensity of the "screened" luminescence
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Figure 5.14: (a) Transient PL spectra of the ZnO/(Zn0.8Mg0.2)O QW with d = 7 nm for the
excitation density of 6 n0 = 1012 cm−2 per pulse and the lattice temperature
of 10 K. (b) Corresponding image of the streak-camera with the PL intensity
plotted as function of emission energy and time-delay after the excitation.
increases, yet the energy of the peak does not exhibit any additional shift. The overlap
between the two peaks is due to the convolution of the signals with a Gaussian with
FWHM of 3 ps, corresponding to the temporal resolution of the setup. Hence, the build-up
of the "screened" PL is instantaneous within the experimental uncertainty. In general, the
corresponding time-scale is determined by the faster of the two following processes: the
rise of the carrier population and the build-up of screening. It should be noted, however,
that the estimated time-scale for the latter is in the range of 100 fs, corresponding to the
length of the excitation pulse,see Ref. [74]. The time constant is roughly estimated from
the inverse plasma frequency in the excited electron-hole system [9], using ZnO material
parameters [36] and approximate carrier densities for the applied excitation conditions.
Figure 5.15 summarizes the dependence of the PL maximum as well as the integrated PL
intensity on the delay-time after the excitation. In addition, the corresponding carrier den-
sities are shown, estimated from the PL energies using the data from Fig. 5.13 (a). The
QW carrier population increases almost instantaneously at t = 0 ps, i.e., within the exper-
imental resolution of 3 ps, in stark contrast to the slowly rising luminescence intensity.
The increase of the PL on the time-scale of several 10’s of ps is thus clearly attributed
to carrier relaxation, i.e., cooling processes, inside the QW. Hence, as a main result, the
capture of carriers, excited in the (ZnMg)O barriers, into the QW occurs within the first
3 ps.
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Figure 5.15: PL maximum, resulting carrier population as well as the integrated emission
intensity of the ZnO/(Zn0.8Mg0.2)O QW with d = 7 nm as function of time-
delay after the excitation. The excitation density is set to 6 n0 = 1012 cm−2
per pulse and the lattice temperature is 10 K. The system resolution is shown
by the gray area for comparison.
In summary, the TRPL measurements of ZnO/(Zn0.8Mg0.2)O heterostructures with vary-
ing well widths reveal the presence of a strong electric field of about 0.3 MV/cm inside
the QWs. This field leads to a pronounced QCSE, influencing and even dominating the
emission properties of the QWs, especially, for the well widths above 3.5 nm. It also
significantly enhances the carrier-phonon coupling. In addition, carriers inside the QWs
are found to be localized in all three dimensions at temperatures below T = 150 K. Up-
per limit of the localization length is estimated by the analysis of the PSB emission to
5 nm. Furthermore, the effect of screening of the internal field is shown to influence the
PL energies as well as the carrier lifetimes. Finally, the concept of monitoring the QW
carrier population by exploiting screening phenomena is verified. As a result, the capture
of carriers from the barriers into the QW is found to occur on an ultra-fast time-scale be-
low 3 ps, limited by the experimental resolution. This fast relaxation is observed despite
rather high Mg concentration in the (ZnMg)O layers, which leads to pronounced potential
fluctuations and carrier localization, see section 5.1. Hence, the carrier capture into the
QW occurs on the same or an even faster time-scale than the carrier-trapping processes
within the barriers. Such a behavior should be a significant benefit for the operation of
optical devices, e.g., lasers, based on ZnO-heterostructures.
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5.1.3 Recombination processes in ZnO quantum wells
This subsection is focused on the the carrier dynamics in ZnO/(ZnMgO) QWs with small
internal fields and negligible QCSE. These materials are typically proposed for the real-
ization of opto-electronic devices due to the strong light-matter coupling in the absence
of the charge carrier separation. In the first part, carrier localization is studied by applying
a temperature-dependent anaylsis of the spectral features as well as the phonon-assisted
luminescence from a QW sample. The second part deals with the recombination mech-
anisms in homo- and heteroepitaxially grown ZnO QWs. These different growth con-
ditions are chosen as a parameter, determining the material quality and thus the relative
contributions of radiative and non-radiative recombination channels to the PL dynamics.
Carrier localization effects
The sample used for the study of carrier localization is a 2.5 nm thick ZnO QW, embedded
within two (Zn0.9Mg0.1)O layers of about 25 nm width, grown on a ZnO substrate in
the group of Prof. Martin Eickhoff. The choice of a small Mg concentration in the
barriers and a narrow QW both ensure negligible electric field in the growth direction
of the heterostructure [145]. Thus, possible contributions from the QCSE to the carrier
dynamics are clearly excluded [143].
Figure 5.16: Temperature-dependent PL spectra of the ZnO/(Zn0.9Mg0.1)O sample with
QW width of 2.5 nm. The excitation density is set to 2·1011 photons cm−2
per pulse. The data is normalized and shifted for clarity.
108
5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures
In analogy to the experiments in the previous studies, see 5.1.1 and 5.1.2, localization
effects are investigated by evaluating temperature-dependent TRPL data. For these mea-
surements, the sample is excited non-resonantly with the photon energy of 4.3 eV and an
average density of about 2·1011 photons cm−2 per pulse. Time-integrated PL spectra are
plotted in Fig. 5.16, normalized and shifted for clarity. The spectra are dominated by two
distinct emission peaks, labeled QW1 and QW2, both attributed to the QW luminescence
due to the energy shift, caused by the quantum confinement effect. The energy spacing
between the two QW signatures is (27±1) meV. These peaks are further accompanied by
the PSB signatures on the low-energy side. In addition, a weak PL signal from the ZnO
substrate contributes to the sample luminescence at low temperatures. As the tempera-
ture is increased, the relative intensity of the QW2 emission strongly increases, whereas
the QW1 peak quenches and is completely suppressed in the room-temperature spectrum.
This fact clearly excludes possible explanation of the QW2 luminescence as the emission
from the second confined state of the QW. Otherwise, due to the approximately equal
density of states and comparable light-matter coupling strength of the first and the second
subbands, the PL of the latter is not supposed to dominate the sample emission, especially
at low excitation densities, see Fig. 2.6 in section 2.1.2 for comparison. Hence, the exper-
imental findings strongly suggest the attribution of the QW1 PL to the recombination of
carriers from the localized states inside the QW. For increased temperatures, these carriers
become delocalized, leading to a luminescence signal at higher energies, i.e., at the QW2
resonance.
As previously shown in sections 2.2.1 and 5.1.2, the analysis of the energy spacing
∆EZPL−PSB1 between the first PSB and the ZPL allows to distinguish the PL from localized
and free carriers. Figure 5.17 shows the corresponding results for ∆EZPL−PSB1, extracted
from the experimental data plotted in Fig. 5.16. Supporting the above interpretation, the
QW1 emission is clearly attributed to the PL from localized carriers, since the energy sep-
aration between the PSB1 and the ZPL remains constant up to Tmax = 200 K at the value
of the LO-phonon energy of 72 meV. In contrast to that, the ∆EZPL−PSB1 decreases with
increasing temperature for the QW2 peak, as expected for the free carrier luminescence.
Also, the temperature Tmax allows the estimation of the upper limit for the carrier localiza-
tion length to about 5 nm, c.f. sections 2.2.1 and 5.1.2. Again, there are several reasons
for the carrier localization, excluding QCSE-related local potential fluctuations due to
the inhomogeneity of the internal electric field: chemical impurities [139] and well-width
fluctuations [53]. Since both lead to the comparable carrier behavior observed in a TRPL
experiment, the precise origin of the localization should be determined by additional stud-
ies, e.g., magneto- or micro-PL in combination with transmission electron-microscopy.
In conclusion, charge carriers are found to be localized in the ZnO/(Zn0.9Mg0.1)O QW
at low temperatures, even in the absence of the QCSE. The corresponding localization
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Figure 5.17: Energy spacing between the first PSB and the ZPL of the
ZnO/(Zn0.9Mg0.1)O QW sample as function of the lattice temperature.
The data is extracted for the PL spectra, shown in Fig. 5.16.
energy is in the range of 30 meV and the maximal localization length is estimated to
5 nm. However, confirmed by the analysis of the PSB emission, free carrier luminescence
is shown to dominate the PL spectra at lattice temperatures above 200 K.
Recombination mechanisms
For the study of the carrier recombination mechanisms two ZnO/(Zn0.9Mg0.1)O het-
erostructures with the QW widths of 1.5 nm are chosen. The samples are homo- and
heteroepitaxially grown in the group of Prof. Martin Eickhoff on ZnO and sapphire
substrates, respectively. Growth details as well as a comprehensive structural and op-
tical study of these structures are found in Ref. [135]. As an overview, low-temperature
TRPL data is shown in Fig. 5.18 for different excitation densities between 109 cm−2 and
1013 cm−2 photons per pulse. Similar emission signatures are observed in the the time-
integrated luminescence spectra of the two samples, plotted in Fig. 5.18 (a): narrow PL
from the ZnO buffer layer at 3.36 eV, inhomogeneously broadened ZnO QW lumines-
cence between 3.40 eV and 3.43 eV and a peak attributed to the (ZnMg)O barriers in
the range of (3.48±0.01) eV. The QW emission of the homoepitaxial sample is slightly
shifted to lower energies in comparison to the PL from the heteroepitaxial QW. Most ob-
vious reason is the lower Mg content in the respective barrier layers, confirmed by the
difference in the (ZnMg)O PL peak energies, leading to a decrease of the confinement en-
ergy. As the excitation is increased by four orders of magnitude, the QW emission broad-
ens due to excitation-induced increase of the homogeneous linewidth, yet the spectral
positions of the PL peaks remain constant. Also, the luminescence dynamics, shown in
Fig. 5.18 (b) do not change with increasing carrier density, exhibiting single-exponential
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Figure 5.18: (a) Time-integrated PL spectra for homo- and heteroepitaxial
ZnO/(Zn0.9Mg0.1)O samples at the lattice temperature of 10 K and
low and high excitation densities of n0 = 109 cm−2 and 104 n0 = 1013 cm−2
photons per pulse, respectively. (b) Corresponding PL transients of the QW
emission for the excitation densities of n0, 102 n0, and 104 n0. The inset
shows the spectrally and temporally integrated PL intensities of the two
QWs as function of the pump density.
decay with a time constant of (300 (±20)) ps. In addition, the overall PL intensity in-
creases linearly with the pump power, see the inset of Fig. 5.18 (b). Thus, the relative ratio
of the non-radiative and radiative recombination rates remains constant for all applied ex-
citation conditions. Hence, despite initial inhomogeneous broadening, no disorder-related
delocalization of carriers, trapped in local potential minima is observed when the carrier
density is increased by a factor of 104, c.f. 5.1.3. The density of the localization sites
is thus comparably high, on the order of 10−18 cm−3. This value is estimated from the
approximative maximal carrier density in the QWs achieved in the TRPL measurements,
renormalized to the three-dimensional bulk concentration. The carrier density is com-
puted by taking into account the applied excitation density, the respective layer widths of
the ZnO QW and the (ZnMg)O barriers, and the absorption coefficient of the ZnO [36].
The temperature-dependent PL maxima, corresponding to the emission from the low-
temperature peak, 1/e decay times of the luminescence signal as well as the overall PL
intensities are shown in Fig. 5.19 (a), (b), and (c), respectively. The energy of the PL
peaks decreases monotonously as function of temperature, following the typical behavior
of the band-gap, see section 2.1.2. Thus, aside from the carrier trapping with a discrete
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Figure 5.19: PL maximum (a), corresponding to the emission from the low-temperature
peak, 1/e decay time of the luminescence signal (b) as well as the over-
all PL intensity (c) of the homo- and heteroepitaxial ZnO/(Zn0.9Mg0.1)O
QWs as function of the lattice temperature. The excitation density is set
to 0.3·1012 cm−2 photons per pulse.
binding energy of the corresponding localized state in the range of 30 meV, c.f. Fig. 5.16,
no additional disorder-related features, e.g., an S-shape, are observed. For the heteroepi-
taxial sample, the decay time as well as the PL intensity both decrease as the temperature
is increased from 10 K to 300 K. This result is a clear hallmark of non-radiative recom-
bination dominating carrier dynamics. The non-radiative channel becomes increasingly
important at higher temperatures due to the faster carrier diffusion and thus efficient trap-
ping of electrons and holes into the deep states, c.f. discussion in section 2.3.1. In stark
contrast to that, the PL intensity of the homoepitaxially grown QW remains nearly con-
stant and the decay time even increases in the temperature range from 10 K to 150 K.
Hence, radiative recombination mainly determines carrier dynamics of the QW sample at
these temperatures. In fact, in an ideal QW structure, the radiative recombination time
is expected to increase linearly with temperature [9]. The experimental findings perfectly
match the expected behavior for the homoepitaxial QW, even when the PL dynamics are
evaluated not only for free but also for the localized carriers, due to the spectral overlap of
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the two contributions. As the temperature is increased further than 150 K, the decay time
decreases, accompanied by a quenching of the emission intensity thus indicating domi-
nant non-radiative recombination in the homoepitaxial sample for these temperatures.
In conclusion, the recombination dynamics of carriers of ZnO/(Zn0.9Mg0.1)O QWs are
studied as function of the excitation density and lattice temperature. Both radiative and
non-radiative channels are found to contribute to the carrier dynamics. Depending on the
growth conditions, i.e., on the sample quality, radiative processes dominate the recom-
bination at low and intermediate temperatures below 150 K. However, for higher defect
concentrations as well as temperatures, the carrier lifetimes become strongly limited by
carrier capture into the deep traps. In addition, the experimental results indicate carrier
localization at low temperatures at spatially localized states with a discrete binding energy
of about 30 meV. However, no disorder-related features related, e.g., to the alloy-disorder
in the barrier layers, are observed.
To summarize the TRPL studies of the ZnO-based heterostructures, performed within
the framework of this thesis, the answers to the initially raised questions are given:
• What is the reason for carrier localization in the barrier layers?
Alloy disorder due to the spatial fluctuations Mg concentration is found to cause
localization of electrons and holes within the (ZnMg)O layers. The influence of
disorder becomes increasingly important for higher Mg content and is observed
even at room temperature in the sample with the highest Mg concentration of 22 %.
In addition, for the latter sample, characteristic disorder scale of (60±15) meV is
identified.
• How fast are the carriers captured into the QW?
The experimental results show that the capture of carriers from the barriers into
the QW occurs on an ultra-fast time-scale below 3 ps, this value being limited by
the experimental resolution. This result is obtained by exploiting the build-up of
screening of the internal electric field for direct observation of carrier population
inside a QW. Thus, carrier capture into the QW occurs on the same or even faster
time-scale than the carrier-trapping processes within the barriers.
• Are QW carriers free to move in two dimensions or are they localized in the in-plane
direction?
In all samples under study, carriers are found to be localized in growth and also in
the in-plane dimension at low temperatures, regardless of the presence or absence
of a strong internal field. The upper limit for the localization length is estimated
to be around 5 nm. However, the depth of the potential minima is comparably
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small, in the range of 10 meV - 30 meV, depending on the exact sample parameters.
These values are usually lower than the average localization energy in the (ZnMg)O
layers. At temperatures higher than 200 K, the QW emission is dominated by free,
delocalized carriers.
• Does radiative or non-radiative recombination dominates carrier lifetime in the
QWs?
Radiative recombination dominates the PL dynamics at low temperatures in the ho-
moepitaxially grown ZnO/(Zn0.9Mg0.1)O QW sample without the QCSE as well as
in the ZnO/(Zn0.8Mg0.2)O QW samples with strong QCSE contributions. At higher
temperatures and also in the sample with a higher defect density, i.e., heteroepitax-
ially grown QW, non-radiative carrier capture determines the temporal behavior of
the PL signal.
5.2 Ga(AsBi): carrier localization and phonon-coupling
In this section, the emission properties of Bi-containing GaAs alloys are studied. The
Ga(AsBi) material system is a possible candidate for light-emitting devices in the near-
infrared spectral range, at the telecom wavelengths of 1.3 µm and 1.55 µm on GaAs sub-
strates [14]. The main hallmark of this semiconductor is the giant band gap reduction by
as much as 60 - 80 meV per percent Bi [22, 146, 147, 148]. The latter is almost an order of
magnitude higher compared to more typical GaAs-based alloys, e.g., (GaIn)As with about
15 meV band gap decrease per percent In [15]. The reason for this unusual behavior is the
strong perturbation of the GaAs host lattice by the Bi atoms, incorporated as isovalent im-
purities due to their electronegativity and ionization energy being significantly lower than
those of As. These impurities lead to the formation of a dispersionless Bi band below the
valence band edge which strongly couples to the valence bands of GaAs yielding mixed
states, typically described by a band anticrossing model [149]. Hence, these alloys allow
for independent valence band engineering since mostly the hole states are affected [150].
In addition, despite the metallic character of GaBi and the high lattice mismatch between
GaAs and GaBi [151], it is possible to grow high-quality Ga(AsBi) crystals containing up
to 10 % Bi [152].
As already discussed in sections 2.3.2 and 5.1, spatial fluctuations of chemical concen-
tration are always present in compound materials due to the fundamental thermodynam-
ics [153]. In case of Ga(AsBi), these fluctuations are expected to be particularly strong
due to the large impact of Bi on the GaAs band structure. The resulting disorder of the
lattice potential influences the carrier dynamics and typically leads to carrier localization,
significantly influencing the optical response of the material. In general, the understand-
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ing of the latter is crucial for the interpretation of the experimental data, optimization of
the growth conditions, as well as for the proper design of Ga(AsBi)-based devices. Hence,
the aim of the experimental studies discussed in the first part of this section is the system-
atic investigation of carrier localization effects in Ga(AsBi). For this purpose, TRPL
measurements supported by kinetic Monte-Carlo simulations, provide a quantitative anal-
ysis of the disorder. The simulations are performed by Sebastian Imhof and Christian
Wagner in the group of Prof. Angela Thrähnhardt at University of Technology, Chemnitz
(Germany). In addition, since Bi strongly perturbs the local lattice potential, the expected
influence of Bi incorporation on carrier-phonon coupling is investigated and discussed
in the second part of the section. The Ga(AsBi) samples are grown by molecular-beam
epitaxy by Xianfeng Lu and Dan A. Beaton in the groups of Prof. Thomas Tiedje at the
University of Victoria (Canada) and Dr. Shane R. Johnson at the Arizona State University
(USA).
5.2.1 Carrier localization
The sample used for the study of carrier localization is a a 30 nm thick layer of Ga(AsBi)
with a Bi concentration of about 4-5 %, grown on a GaAs substrate. The growth details
are given in Ref. [152]. For the TRPL experiments, quasi-resonant excitation conditions
are applied with the pump energy set to 1.38 eV, well below the absorption edge of the
GaAs substrate. The PL spectra are acquired using the time-integrated mode of the streak
camera with the spectral resolution of about 1 nm.
As an overview, the linear absorption and an emission spectrum of the sample are plot-
ted in Fig. 5.20 (a) for the lattice temperature of T =10 K and the excitation density of
4·1012 cm−2 photons per pulse. One clearly observes a strongly broadened exciton sig-
nature at 1.19 eV with a pronounced Gaussian band tail at low energies. The spectral
position of the sample PL, shifted by 360 meV to lower energies in comparison to the
GaAs band edge confirms the large band gap reduction in Ga(AsBi), since only 4-5 %Bi
are incorporated in the respective layer. In addition, the broad band tail of the absorption
is a clear hallmark of disorder present in the sample. This observation is further supported
by a large Stokes shift in the PL emission, strongly indicating carrier localization, c.f. dis-
cussion in section 2.3.2. The carriers, which are initially excited in the continuum above
the band edge, first relax towards the states with lower energy and then recombine radia-
tively. The corresponding PL energy is thus significantly lower than the inhomogenously
broadened exciton peak at 1.19 eV.
The influence of the disorder is also observed in the temperature-dependent data. Fig-
ure 5.20 shows the PL peak position as function of the lattice temperature at various ex-
citation densities between n0 and 100 n0. Here, n0 corresponds to the excitation density
of 1.5·1012 cm−2 photons per pulse. The PL exhibits a pronounced S-shape behavior at
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Figure 5.20: (a) Linear absorption at T = 10 K and the PL spectrum for the excitation
density of about 4·1012 cm−2 photons per pulse. (b) Experimental results for
the temperature-dependent PL peak position at various pump intensities. n0
corresponds to the excitation density of 1.5·1012 cm−2 photons per pulse.
low pump intensities, corresponding to the characteristic localization energy in the range
of ε0 = 10 meV. As the excitation density increases, the band tail states become saturated
and the S-shape is suppressed. However, even at room temperature, the increase of the
pump power still leads to a strong shift of the PL maximum towards higher energies, also
observed in comparable samples [152]. This behavior is not expected for a rather small
disorder scale of 10 meV. In addition, the broad band tail of about 100 meV FWHM in the
absorption spectra is not compatible with the above estimation for ε0 [23].
Hence, the experimental findings lead to the following conclusions: (i) disorder effects
seem to play a major role in the optical response of the material, (ii) a simple picture of
carrier localization on a single energy scale does not apply. Thus, for a consistent de-
scription of carrier dynamics in the Ga(AsBi) sample a more complex two-scale picture is
proposed. Also, a phenomenological theoretical approach based on kinetic Monte-Carlo
simulations is applied, allowing for a quantitative analysis of the disorder parameters.
Two-scale model
The concept of the two-scale model [154, 155] is motivated by the fact that in addition to
the typical alloy disorder, few-atom Bi clusters are likely to exist in the Ga(AsBi) material
system [156], acting as localization sites for the carriers. The proposed energy distribu-
tion of the energy levels is shown schematically in Fig. 5.21. Potential fluctuations caused
by the varying Bi concentration are represented by the randomly-distributed sites with a
large localization length. The corresponding DOS is described by a Gaussian in good
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Figure 5.21: Schematic illustration of carrier hopping on two energy scales. The first
scale is given by a Gaussian distribution with the characteristic energy scale
ε1 and the second scale - by an exponential distribution with energy scale ε2,
representing alloy disorder and cluster localization, respectively.
agreement with the linear absorption data. The model parameters are N1α21, ν1, τ1 and the
energy scale ε1, representing the alloy disorder. Here, N1 is the spatial density of the local-
ization sites with the average radius α1. The parameter N1α21 is used as an approximation
to describe the excitation power dependence of the experiment. The potential minima are
occupied by carriers for higher excitation powers, leading to the decrease of the effective
number of free sites N1 thus reducing possible hopping transitions due to the restriction
of only one carrier per site. Also, for every spatially large site, additional smaller sites
are included, lower in energy and, again, randomly distributed. These sites represent the
Bi clusters. The DOS of the second scale is assumed to be exponential and is character-
ized by N2α22, ν2, τ2 and ε2. The average hopping rates within the first and the second
energy scales are given by ν1 and ν2, respectively. The time constant τ1 corresponds to
the carrier capture time from the sites of the first energy scale towards the Bi clusters. τ2
denotes the effective recombination time of the carriers localized on the second energy
scale. According to the simulations, only the products ν jτ j influence the spectral features
in the time-integrated PL data. Time-resolved measurements, on the other hand, allow to
determine the complete set of parameters ν1, ν2, τ1, and τ2 thus giving a full description
of the carrier dynamics.
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Figure 5.22: Experimental Stokes shift (a) and FWHM (c), extracted from the
temperature-dependent PL spectra of the Ga(AsBi) sample, for varying ex-
citation densities. Calculated Stokes shift (b) and FWHM (d) for varying
N2α22 between 0.1 and 0.25 using the kinetic Monte-Carlo simulations with
the two-scale model.
Luminescence spectra
First, the two-scale model is used to fit the time-integrated spectral features. Figures 5.22(a)
and (c) show the Stokes shift and the FWHM of the PL emission as function of the lat-
tice temperature, respectively. Three exemplary excitation densities of n0, 2.5 n0 and
5 n0 are chosen due to the observation of a pronounced S-shape behavior accompanied
by the maximum of the FWHM in the corresponding luminescence spectra. The Stokes
shift is deduced from the PL peak position as follows: the zero-temperature band gap of
1.19eV is given by the linear absorption spectrum. The temperature dependence of the
band gap for T > 150K is assumed to follow Varshni’s law [43] with α = 0.274meV/K
and β = 468K as fit to the experiment. The latter two values are reasonable parameters
for a GaAs-based system, compared to the temperature-dependent band gap shift of the
host material [36]. The non-vanishing Stokes shift at higher temperatures is due to the
presence of disorder-related effects at the room temperature.
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Figure 5.23: Experimental and simulated PL intensity of the Ga(AsBi) sample as function
of lattice temperature for the excitation density of 5 n0.
The corresponding results of the kinetic Monte-Carlo simulations using the two-scale
model are shown in Fig 5.22 (b) and (d) for the Stokes shift and the FWHM of the emis-
sion peak, respectively. A very good agreement with the experimental data is obtained,
with the main characteristics of the temperature- and density-dependent PL spectra being
correctly reproduced, c.f. Fig 5.22 (a) and (c). To obtain this agreement, the parameters
N1α21 = 0.01, ν1τ1 = 105, ε1 = 45meV, ν2τ2 = 104 and ε2 = 11meV are used. The minor
differences between theory and experiment are mainly attributed to uncertainties in the
temperature dependence of the Ga(AsBi) band gap and the precise distribution of the Bi
cluster states.
The kinetic Monte-Carlo algorithm also explains the characteristic temperature depen-
dence of the PL intensity, often observed in disordered semiconductor materials [111], c.f.
section 2.3.2. Two parameters are important: The DOS, where the exponential distribu-
tion with the characteristic energy scale ε2 is used and the relative density of non-radiative
sites given by Nnr/(Nr+Nnr). It is assumed that the carriers, weakly localized on the first
energy scale, can easily reach the non-radiative recombination centers due to the spatially
large extension of the corresponding sites. Thus, the energy scale ε2 = 11meV is suffi-
cient in order to explain the PL intensity. Figure 5.23 shows the measured and simulated
temperature dependence of the normalized PL intensity for the excitation density of 5 n0.
Again, a good agreement between the experiment and the simulation is obtained, allowing
for the extraction of the parameter Nnr/(Nr+Nnr) = 0.012.
Altogether, the comparison of the experimental PL data with the results of the Monte-
Carlo simulations clearly shows that disorder effects in the Ga(AsBi) sample are strongly
influenced by carrier localization on two different energy scales. The S-shape, the rela-
tive maximum of the FWHM, and the temperature dependence of the PL intensity are
119
5 Ultra-fast luminescence studies of novel semiconductor material systems
mainly determined by the presence of Bi clusters with the average carrier binding energy
of 11 meV. The broad linewidth of the sample emission and absorption spectra at low
temperatures as well as the non-vanishing Stokes shift of the PL energy at higher tem-
peratures are due to the alloy disorder. The latter is characterized by the energy scale of
45 meV and spatially extended localization sites.
Carrier dynamics
Figure 5.24: Measured and simulated time-integrated PL spectra of the Ga(AsBi) sample
at T = 10 K. The inset shows the decay of the measured spectrally-integrated
PL intensity. The spectral positions of the extracted PL transients, shown in
Fig. 5.25 are marked by arrows with the corresponding Stokes shift values.
The carrier relaxation and recombination dynamics are investigated by temporally re-
solved PL measurements performed on the same sample. The excitation conditions cor-
respond to the experimental parameters for the time-integrated study to ensure consistent
results. The streak camera is operated in the time-resolved mode with the temporal re-
solution of 20 ps. The lattice temperature is set to T = 10 K and the excitation density is
4·1012 cm−2 photons per pulse.
For direct comparison, a time-integrated measured PL spectrum as well as the result of
the simulation are shown in Fig. 5.24. The PL peak position, the PL line width, and the
overall spectral shape are correctly reproduced by the Monte-Carlo approach. The corre-
sponding measured and calculated TRPL data are plotted in Fig. 5.25 (a) and (b), respec-
tively, as function of emission energy and time after the excitation. Again, an excellent
agreement between the simulation and the experiment is obtained in for all emission en-
ergies and time delays. For detailed analysis of the carrier dynamics, the PL intensities
are integrated across ±10 meV for different emission energies. The resulting transients
are plotted in Fig. 5.25 (c). The central spectral positions are indicated by the arrows in
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Figure 5.25: Measured (a) and simulated (b) PL intensity of the Ga(AsBi) sample at
T = 10 K as function of the emission energy and time after the excitation.
(c) Corresponding PL transients at T = 10 K for Stokes shift energies EPL-
Egap of -10, -30, -50, -70, and -90 meV from bottom to top, c.f. Fig. 5.24
Fig. 5.24 together with the corresponding Stokes shift. The data show a fast PL decay on
the high-energy side and comparably slow dynamics for low energies, typical for disorder-
dominated emission at low temperatures, c.f. section 2.3.2. The dynamics of carriers at
the high-energy flank are dominated by hopping to states with lower energy. The carriers
on the low-energy side, however, are trapped in localized states and decay slowly with τ2.
Additionally, localized low-energy states get filled by carriers from energetically higher
sites resulting in a further reduction of the effective decay rate on the low-energy tail of
the PL.
The overall excellent agreement between the experimentally obtained and the modeled
data allows for the extraction of the disorder parameters. Energy scales of ε1 = 45 meV
and ε2 = 11 meV are found for the alloy disorder with Gaussian and for the cluster sites
with exponentially distributed DOS, respectively. The product N1α21 is, again, correlated
to the excitation power in the experiment and thus set to 0.15 for the photon flux of
4 · 1012 cm−2s−1. All these parameters are completely consistent with the analysis of the
previously discussed time-integrated PL. The additional information, available by mon-
itoring the PL dynamics, allows to determine the parameters τ and ν individually. The
attempt-to-escape frequency for the alloy-disorder scale ν1 = 1014 s−1, a relaxation time
to the cluster scale of τ1 = 5 ps, as well as ν2 = 2.5·1012 s−1 and τ2 = 4 ns for the effective
carrier lifetime are obtained. Thus, the hopping rates are generally faster for the first
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Figure 5.26: Measured and simulated 1/e-decay times, extracted for the corresponding
PL transients. The time-integrated measured PL spectrum is given by the
shaded area as a reference.
disorder scale attributed to the alloy fluctuations than for the transitions between the indi-
vidual cluster sites. Also, the average capture time to a Bi cluster τ1 of 5 ps is significantly
smaller than the effective recombination time τ2 in the ns range. In addition, as an alter-
native evaluation scheme, the deduced 1/e-decay times of the measured and calculated
PL transients are plotted as function of the emission energy in Fig. 5.26. Consistently, the
decay-times at higher energies are much shorter than the lifetime τ2 while the values on
the low-energy side are slightly above τ2, indicating additional filling effects.
In summary, the carrier localization dynamics in the Ga(AsBi) sample are experimentally
studied and compared to the results of the kinetic Monte-Carlo simulations applying the
two-scale approach. In general, typical disorder-induced effects appear in the TRPL, a
fast decay on the high-energy side of the luminescence spectrum and much longer decay
at lower energies, attributed to the relaxation- and recombination-dominated dynamics,
respectively. The comparison of the measured data with the simulations yields a complete
set of the individual disorder parameters. Faster carrier hopping among localized sites
with fluctuating alloy compositions is found, compared to much slower carrier diffusion
between the Bi clusters. In addition, carrier capture into the clusters occurs on an ultra-fast
time-scale of about 5 ps.
5.2.2 Carrier-phonon coupling
This subsection deals with the study of carrier-phonon coupling in Ga(AsBi). For this pur-
pose, two samples containing 12 nm thick GaAs1−xBix single QWs with Bi-concentrations
of x = 0.011 and x = 0.055 placed between GaAs barriers are chosen. The emission prop-
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Figure 5.27: Measured and simulated 1/e-decay times, extracted for the corresponding
PL transients. The time-integrated measured PL spectrum is given by the
shaded area as a reference.
erties of the both samples exhibit pronounced localization effects, closely mimicking the
behavior of the Ga(AsBi) layer investigated in the previous subsection 5.2.1. Again, the
main feature strongly influencing the optical response is the presence of Bi clusters with a
characteristic localization energy in the range of 10 meV. The PL measurements are per-
formed in the CW-PL setup with the He-Ne laser as the excitation source. An OSA is
used for the detection of sample luminescence, yielding a spectral resolution of 1 nm.
Figures 5.27 (a) and (b) show the PL spectra of the two GaAs1−xBix QW samples for
a lattice temperature of T = 10 K. The excitation density is set to 80 mW/cm2. For a
better quantitative analysis the numerical derivatives are plotted as dotted lines below
the corresponding spectra. Several pronounced luminescence peaks are observed on the
low-energy side of the main emission in both samples. The peaks are equidistantly
spaced, separated by about 37 meV, corresponding to the LO-phonon energy in diluted
GaAs1−xBix [157]. Thus, the additional emission signatures are unambiguously identi-
fied as LO-phonon-sidebands.
To quantify the carrier-phonon coupling-strength, the Huang-Rhys factor S is used [50].
This quantity corresponds to the average probability of the LO-phonon-emission during
the radiative recombination of an electron-hole pair, c.f. discussion in section 2.2.1. The
Huang-Rhys factor is obtained from the spectrally integrated PL intensities of the PSBs
as follows [50, 51]:
Sn = In
I0
n! . (5.4)
The luminescence intensity of the ZPL is denoted by I0 and the the emission strength
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Figure 5.28: PL spectra of the GaAs1−xBix quantum well with Bi-concentration of
x = 0.011 for the lattice temperatures between T = 10 K and T = 60 K. The en-
ergy of the ZPL maximum is plotted in the inset as function of temperature.
of the n-th PSB by In, where n is the number of LO-phonons participating in the scat-
tering process. The relative intensities of the PSBs and the ZPL are obtained applying
a line-shape fitting procedure of the PL spectra where the disorder-related exponential
low-energy flanks of the emission peaks are taken into account according to [158, 155]:
In = Θ(1−En) Aen e
E−En
ε0 +Θ(En) Agn e
−2 (E−En)
2
w2g (5.5)
Here, ε0 and wg are the characteristic energy scale of the disorder and the inhomogeneous
broadening of the n-th PSB peak, respectively. Aen and A
g
n are the corresponding ampli-
tudes, En is the spectral position of the peak maximum, and Θ is a step-function. An
exemplary fit of the measured PL spectrum is plotted in the inset of Fig. 5.27 (a). Huang-
Rhys factors of S = (0.20±0.05) for the x = 0.011 sample and S = (0.16±0.05) for the
x = 0.055 sample are obtained; the precision is limited by the fitting procedure. Thus, the
values are comparable within the margin of error, even when the PSBs are less pronounced
in the spectrum for x = 0.055 sample due to higher broadening, see Fig. 5.27 (b). The ob-
tained Huang-Rhys factors are more than one order of magnitude larger than extracted
from the PSB ratios reported for free and bound excitons in GaAs,[159, 160] indicating
unusually strong carrier-phonon coupling for a GaAs-based material.
Next, the temperature dependence of the sample emission and thus of the Hyang-Rhys
factor is investigated. The PL spectra of the QW with a Bi content x = 0.011 are plotted
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Figure 5.29: PL spectra as function of the excitation density at T = 10 K for the
GaAs1−xBix sample with x = 0.011. The inset shows the corresponding
Huang-Rhys factor S.
in Fig. 5.28 for the lattice temperatures between T = 10 K and T = 60 K. The luminescence
peaks on the high-energy side at 1.494 eV and 1.514 eV are related to the shallow im-
purities in GaAs barriers and substrate [36]. The ZPL and the corresponding PSBs in
the investigated GaAs1−xBix sample exhibit a strong shift to lower energies of more than
20 meV, as the temperature is increased from 10 K to 60 K. For higher lattice temperatures
an additional feature appears on the high-energy side of the ZPL at about 1.45 eV, domi-
nating the spectrum at T = 60 K. Both observations clearly indicate that the ZPL and the
PSBs originate from bound states. The corresponding PL shows a typical disorder-related
red-shift of the emission maximum for increasing temperature in the low-temperature
regime, discussed in the previous subsection 5.2.1. Eventually, the bound states are ion-
ized for sufficiently high lattice temperatures.
Previous studies have shown that Bi tends to form clusters when alloyed with GaAs,
giving rise to a number of shallow localized states below the band-gap. The estimated
ionization energy in the range of 10 meV for the ZPL matches the average localization
energy of the Bi-clusters [156, 161], c.f. the discussion in 5.2.1. In addition, a strong
electron-phonon-coupling is typical for an isoelectronic impurity such as Bi as already
observed for the Ga(AsBi) bulk samples [156]. The reason is the strong local deforma-
tion of the lattice by the impurity cluster. In addition, the strength of the deformation
is significantly altered by the presence of carriers, bound to the impurities. This depen-
dence enhances the efficiency of the deformation potential scattering between carriers and
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phonons, previously discussed in sections 2.2.1 and 4.2. Therefore, the phonon-assisted
PL in the studied GaAs1−xBix Qw is clearly attributed to the emission from carriers bound
to Bi-clusters.
To investigate the effect of saturation of localized states, the excitation density depen-
dence of the PSB emission is studied at T = 10 K for the QW sample with x = 0.011. The
PL spectra for the excitation densities between 2.4 mW/cm2 and 8.0 mW/cm2 are plotted
in Fig. 5.29. The emission spectrum shifts to higher energies as the pump power is in-
creased. Also, the carrier-phonon-coupling strength decreases as shown in the inset. Both
findings support the previous interpretation of phonon-assisted PL originating from Bi-
clusters. The cluster states become saturated for higher excitation densities leading to a
typical blue-shift of the luminescence spectra [155, 162], c.f. discussion in section 2.3.2.
Under these conditions the carriers are less localized and thus have a lower probability of
scattering with LO-phonons.
In summary, the phonon-assisted luminescence from GaAs1−xBix QW samples is studied
by CW PL as function of lattice temperature and excitation density. Pronounced PSBs
are observed in all emission spectra of the samples. The LO-phonon-coupling strength is
unusually strong for a GaAs-based material; it is quantified by the Huang-Rhys factor S
ranging between 0.1 and 0.3. Carriers bound to isoelectronic impurities, i.e., Bi-clusters,
are identified as the origin of the intense phonon-assisted emission. The intensity of the
PSBs decreases as the cluster states are ionized at elevated lattice temperatures.
5.3 GaN quantum wires: confinement in a quasi
1D-system
In this section, the emission properties of GaN quantum wires (QWires) are studied. GaN
is a III-V wide-gap semiconductor with the band gap energy in the UV spectral range, at
3.5 eV. In analogy to the previously discussed ZnO, the exciton binding energy as well
as the carrier-phonon coupling are rather strong in GaN compared to the typical III-V
systems, e.g. GaAs. In general, the GaN material properties are well studied [36, 163]
and GaN-based devices, as LEDs and diode-lasers, are already widely used for the light-
emitting applications [164, 13]. Furthermore, GaN-nanostructures became available due
to the improved growth techniques, providing additional insight into the physics of weakly
confined carriers as well as being candidates for potential applications as light emitters on
a sub-wavelength scale. Typically, in these systems, the confinement length is in the order
of several 10’s of nm, larger than the exciton Bohr radius in GaN [36]. However, only
few reports on the properties of "real" 1D GaN quantum structures with strong carrier
confinement are found in the literature [165, 166].
126
5.3 GaN quantum wires: confinement in a quasi 1D-system
Figure 5.30: (a) Schematic illustration of the studied GaN quantum wire structures.
(b) Typical TEM image of the GaN/AlN nanowire ensemble, measured in
the growth direction. (c) TEM image of a single GaN/AlN nanowire with
GaN quantum wires located at the facet edges. (d) Scanning TEM image
of the GaN quantum wire, located on surface of the GaN/AlN nano-wire,
measured with sub-nm spatial resolution.
The studies conducted within the framework of this thesis are focused on such 1D GaN
systems. The QWires are grown in the group of Prof. Martin Eickhoff and are character-
ized by TEM measurements in the group of Prof. Jordi Arbiol at the Institut de Ciencia de
Materials de Barcelona (Spain). The typical structure of the GaN QWire samples, based
on the results of the TEM studies, is schematically illustrated in Fig. 5.30 (a). The cor-
responding, exemplary TEM images are shown in Fig. 5.30 (b), (c), and (d) on a 0.5 µm,
20 nm and 2 nm scale, respectively. The samples consist of ensembles of hexagonally
shaped GaN nanowires with the diameters of about 20 nm and lengths in the range of a
µm, grown on silicon substrates. The nanowires are covered with 50 nm of AlN, then
overgrown with a thin GaN QW-like layer of several nm up to 20 nm thickness. At this
growth step, GaN QWires are formed at the facet edges of the nanowires. In addition, in
a fraction of the investigated samples an AlN capping layer of 50 nm width is deposited
on top of the structure. The presence of the AlN cap also results in a thin AlN shell of
several nm thickness covering the GaN QWires, c.f. Fig. 5.30 (d).
The main aim of the TRPL experiments is finding the evidence for the luminescence
activity in the GaN QWires as well as the confirmation of the quantum confinement effect,
expected to be especially large in these material system. In addition, possible influence
of the QCSE, carrier localization as well as the overall temperature stability of the PL are
studied. Finally, the impact of the growth parameters is discussed.
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5.3.1 Carrier confinement
The samples used for the initial investigations are capped with the additional AlN layer
on top of the nanowires. The excitation energy is set to 4.43 eV taking into account the
potentially large confinement energy, i.e., the absorption edge, of the QWires. The spec-
tral and temporal resolutions in the experiment are 0.2,nm and 10 ps, respectively . The
PL intensity of the sample is plotted in Fig. 5.31 as function of the emission energy and
time-delay after the excitation. The lattice temperature is set to 10 K and the excitation
energy to 1.4·1012 cm−2 photons per pulse. A time-integrated luminescence spectrum
and the transient intensity of the PL peak at 4.1 eV are shown at the bottom and on the
right-hand side of the graph, respectively. The temporal interval is chosen between 50 ps
and 750 ps. As expected for the low-temperature spectrum of the bulk-like emission from
GaN nanowires [36, 167, 168], a pronounced peak from the bound excitons appears at
about 3.5 eV. A broad shoulder on the low-energy side with considerably longer PL de-
cay is attributed to the luminescence of the thin GaN layer, significantly influenced by
the QCSE, see Refs. [169, 170] and the discussion below. In addition, a distinct PL peak
appears at 4.1 eV. This emission signature is present in all studied samples and is not ob-
Figure 5.31: PL intensity of a GaN QWires sample as function of emission energy and
time-delay after the excitation for the lattice temperature of 10 K and the
excitation energy of 1.4·1012 cm−2 photons per pulse. Time-integrated PL
spectrum and the transient intensity of the luminescenece peak at 4.1 eV are
shown at the bottom and on the right-hand side, respectively.
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Figure 5.32: Decay time of the GaN QWires PL as function of the emission energy for
the lattice temperature of 10 K and the excitation energy of 1.4·1012 cm−2
photons per pulse. The solid line is a guide to the eye. Corresponding PL
spectrum is shown in the same plot for comparison.
served in the spectra of comparable structures without the QWire growth [171]. Also, the
energy shift of about 0.6 eV with respect to the GaN bulk luminescence is a clear evidence
of a considerable confinement effect. Thus, the 4.1 eV peak is unambiguously attributed
to the emission from the GaN QWires. The diameter of the QWires, estimated from the
confinement energy of Econ f ≥0.6 eV by basic particle-in-a-box calculations [28] using
the effective masses of electrons and holes in GaN [36], is in the range of 3 nm or even
smaller. This value matches well the QWire thickness, obtained from the TEM measure-
ments. The PL is also inhomogeneously broadened with the FWHM of about 300 meV,
indicating width fluctuations within single and/or between different, spatially separated
QWires. Furthermore, the luminescence signal exhibits a non-exponential decay on the
100 ps time-scale. Thus, any ultra-fast carrier capture processes from the QWires into the
GaN layers are excluded.
For an additional analysis of the non-exponential luminescence dynamics, the extracted
1/e decay time is plotted in Fig. 5.32 as function of the emission energy. The PL spectrum
is shown in the same graph for comparison. The average decay time varies between 50 ps
and 150 ps on the high- and low-energy side, respectively. This variation alone already
causes the non-exponential PL decay of spectrally integrated emission. In general, for an
ensemble of QWires, the dependence of the decay time on the PL energy is either due to
the disorder-related hopping processes within a single QWire, c.f. section 2.3.2, or due to
the different recombination rates from spatially separated QWires with varying widths.
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5.3.2 Influence of the excitation density and the lattice temperature
Following the identification of the PL signature of the GaN QWires, additional characteri-
zation measurements are performed on the same sample, focused on the study of possible
QCSE contributions as well as the temperature stability of the PL. Figure 5.33 (a) shows
the time-integrated PL spectra at T = 10 K as function of the excitation density. Here,
n0 corresponds to the photon flux of 1.4·1012 cm−2 photons per pulse. As the excitation
density is increased, the energy of the GaN nanowire PL remains constant, whereas the
emission maximum from the QW-like GaN layer shifts towards higher energies. This
shift is expected due to the screening of a strong internal piezo-electric field within the
GaN QW in the growth direction induced by the strain between GaN and AlN [169, 170].
In contrast to that, no screening is observed in case of the GaN QWires, indicating an
negligible influence of the QCSE, i.e., the absence of an internal field. In addition, the
PL intensity exhibits a slightly superlinear behavior accompanied by a small increase
of the decay time thus suggesting only insignificant contributions from the saturation of
non-radiative decay channels, c.f. section 2.3.1. Also, these observations further confirm
negligible influence of the QCSE. Otherwise the carrier lifetime is expected to decrease
with increasing excitation density due to the screening of the internal field, see the dis-
cussion in section 2.2.2. This finding is reasonable since the QWires are grown on the
non-polar plane of the AlN.
Figure 5.33: Time-integrated PL spectra of the GaN QWires (a) the corresponding spec-
trally integrated intensity (b), and the 1/e decay time (c) as function of the
excitation density for T = 10 K. κ denotes the exponential parameter obtained
by fitting the PL intensity IPL as function of the excitation power Iexc with
the power law IPL = Iκexc.
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Temperature-dependent data are shown in Fig. 5.34 for the pump density of 1.4·1012 cm−2
photons per pulse. All GaN-related peaks shift towards lower energies as the temperature
is increased. However, the energy difference between T = 10 K and T = 300 K emission
maxima of about 20 meV is much lower than the typical shift of more than 50 meV in
GaN [172], indicating significant influence of strain and/or carrier localization on the
PL energy. Also, the integrated PL intensity of the GaN QWires emission, plotted in
Fig. 5.34 (b), remains nearly constant for T≤ 150 K. In the same temperature range, the
decay time exhibits a small increase from 90 ps to 120 ps, suggesting the strong suppres-
sion of non-radiative decay channels. As the temperature is increased beyond T = 150 K
towards the room temperature, the luminescence intensity decreases by a factor of three.
The intensity decrease is accompanied by a decrease of the carrier lifetime, indicating
faster non-radiative recombination rates at higher temperatures, c.f. section 2.3.1. Alto-
gether, the emission of the QWires shows much higher temperature stability, compared to
the PL from the nanowires and the QW. The PL intensity of the two latter peaks decreases
over an order of magnitude in the temperature range between T = 10 K and T = 300 K.
Figure 5.34: Time-integrated PL spectra of the GaN QWires (a), the corresponding spec-
trally integrated intensity (b), and the 1/e decay time (c) as function of the
lattice temperature. The excitation density is set to 1.4·1012 cm−2 photons
per pulse.
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5.3.3 Impact of the growth temperature
In this last subsection, the PL properties from a series of the QWires grown under dif-
ferent temperatures between Tg = 1000◦C and Tg = 1055◦C are studied. The TEM results
show that as the growth temperature increases, the amount of the deposited GaN increases
leading to higher diameters of the QWires. In this series, the AlN capping layer is omit-
ted, leaving only a thin GaN layer on top of the nanowires and no AlN shell around the
QWires. The TRPL measurements are performed at the lattice temperature of 10 K with
the excitation density of 1.4·1012 cm−2 photons per pulse. Time-integrated PL spectra of
the samples are shown in Fig. 5.35. On the low-energy side, only the emission from the
nanowires is observed. The peak from the thin GaN layer is missing, indicating dam-
age of the latter due to the absence of the AlN capping. However, pronounced PL peaks
from the QWires are found in all four samples. This growth configuration thus provides
an advantage over AlN capping since the QW emission does not influence the PL spec-
tra, whereas the QWires remain optically active. For higher growth temperatures, the PL
intensity of the QWires strongly decreases. The carrier lifetimes, on the other hand, re-
main nearly constant around (60±20) ps. These observations show that no additional loss
channels are introduced for the Tg = 1033◦C and Tg = 1055◦C samples, indicating either
lower number of photoexcited QWires or lower absorption coefficients.
Figure 5.35: Time-integrated PL spectra of the GaN QWires (a), the corresponding spec-
trally integrated intensity (b), and the 1/e decay time (c) as function of the
growth temperature of the QWires. The lattice temperature is set to 10 K and
excitation density - to 1.4·1012 cm−2 photons per pulse.
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Figure 5.36: Emission maximum (a) and the FWHM (b) of the GaN QWires series (w/o.
AlN shell) as function of the growth temperature. Samples with AlN shell
are shown for comparison in the same plot. The lattice temperature is set to
10 K and excitation density - to 1.4·1012 cm−2 photons per pulse.
For a more detailed analysis of the spectral features, the PL peaks of the nanowires and
the QWires are fitted with Gaussians. The fit parameters for the QWires, i.e., the peak
energies and FWHMs, are shown in Fig. 5.36. As the growth temperature is increased,
the PL peak shifts towards lower energies. This result is consistent with the higher widths
for the QWires grown at increased Tg, observed in the TEM data. A larger wire diameter
leads to a weaker confinement and thus to the decrease of the emission energy. In addi-
tion, the FWHM of the PL peak increases with Tg, indicating a higher inhomogeneous
broadening related to the energy scale of the disorder. The latter would also contribute to
the shift of the PL maximum if carrier hopping between potential minima would occur,
i.e. the broadening is due to the width fluctuations in each individual QWire. Finally,
the presence of the AlN shell seem to have only a small impact on the PL maximum
and FWHM, c.f. Fig. 5.36. The observed differences are attributed to a slightly different
confinement energy, strain, and possible width fluctuations between the samples.
In summary, PL emission from 1D GaN QWires is clearly identified. The findings are
supported by the evidence of a significant confinement effect, leading to the energy shift
of the band gap more than ≥ 0.6 eV. The estimated QWires diameter of several nm is
in a good agreement to TEM data. Also, the optical response of the QWires shows no
indications of the QCSE, i.e., the absence of strong internal fields perpendicular to the
length of the QWires. Finally, the PL intensity as well as the carrier lifetimes are found
to be rather stable as function of the lattice temperature, especially in comparison to the
GaN nanowires.
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This chapter deals with the characterization and optimization studies of semiconductor
lasers designed for NIR applications based on the well-studied (GaIn)As material sys-
tem [173, 174, 175, 176, 177]. The device under investigation is the so-called vertical-
external-cavity surface-emitting laser (VECSEL) developed in the late 90’s [16, 178].
This particular type of a laser perfectly combines the excellent beam quality of surface
emitters and the high output power of semiconductor edge-emitting diode-lasers [16].
In addition, solid-state on-chip fabrication, small packaging dimensions and the spec-
tral tunability are all maintained as the main advantages of a semiconductor device.
VECSELs are available in a broad spectral range [18, 179, 17, 180, 181]. They of-
fer efficient intra-cavity frequency mixing [182, 19, 183, 184, 185] combined with fre-
quency stabilization [20], and are able to operate in a pulsed regime, emitting sub-500 fs
pulses [186, 187, 21, 188]. For the majority of the applications, however, high output
power of the device remains crucial.
The performance of the VECSEL is generally limited by overheating. This leads to the
so-called thermal rollover - a rapid decrease of the output power even when the pump
power is increased. The excess heat is generated inside of the VECSEL chip due to the
intrinsic properties of the active structure and off-resonant pumping conditions required
for laser operation [189, 190]. Therefore, efficient cooling concepts are inevitable for the
high-power operation. Fortunately, VECSEL chips offer a potentially large active area
and are therefore proposed to achieve higher output power by simply increasing the size
of the pump spot [191, 17, 192, 193]. However, this power-scalability is questioned in
several reports, at least for specific pumping conditions [194, 195, 196]. Possible reasons
for this behavior are an inhomogeneous loss-channel distribution due to the growth and
processing imperfections or a substantial importance of three-dimensional heat transfer in
the structure [194, 196].
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The experiments discussed in this chapter focus on the study of the thermal properties of a
high-power VECSEL. The VECSEL setup as well as the semiconductor chip structure are
discussed in the first section. The second section addresses the distribution and removal
of the excess heat as well as the optimization of the device for increased performance
via different heat-spreading and heat-transfer approaches. Based on these investigations,
the possibility for power-scaling is evaluated and the underlying restrictions are analyzed
in the third section. The latter investigations are performed applying spatially resolved
PL measurements. An experimental setup is implemented for monitoring the spatial dis-
tribution of heat in the semiconductor structure during laser operation. The investigated
VECSEL chips are grown and processed in the group of Dr. Wolfgang Stolz at the Ma-
terial Sciences Center in Marburg, in close cooperation with the groups of Profs. Yushi
Kaneda and Jerome V. Moloney at the University of Arizona (USA).
6.1 VECSEL Setup
Figure 6.1: (a) Basic design of a VECSEL with a standard linear cavity. (b) Schematic
illustration of the chip structure used for the investigations within the frame-
work of this thesis.
Figure 6.1 (a) and (b) illustrate the basic design of the VECSEL device, and the structure
of the semiconductor chip used for the investigations within the framework of this the-
sis. The chip is designed for the operation in the near-infrared spectral range at about
1040 nm. The semiconductor structure is grown using metal-organic vapor phase epitaxy
(MOVPE) and the so-called "upside-down" approach. First, an (GaIn)P window layer of
about 150 nm thickness is deposited on a 650 - µm-thick GaAs wafer. The active region
consists of 10 (GaIn)As QWs placed between GaAs buffer layers (not shown here) and
Ga(AsP) barriers for pump-absorption and strain-compensation, respectively. The quan-
tum wells are arranged in a resonant-periodic-gain configuration, i.e. their spatial posi-
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tions overlap with the field maxima of the lasing mode. A high-reflectivity distributed
Bragg reflector (DBR) with 20 pairs of GaAs/AlAs is grown on top of the structure. For
efficient heat transfer, the device is soldered to a heat-spreader using an indium layer (not
shown here) of several microns thickness. Afterwards, the GaAs substrate is removed
by selective chemical etching. No anti-reflective coating is applied to fully exploit the
enhanced coupling of the material gain to the cavity mode for optimal high-power perfor-
mance [190, 197, 198]. Further details on the chip structure and growth parameters are
given in [196].
The chip is placed inside an external linear cavity of 6 cm length using an output coupler
with 10 cm radius of curvature and a transmission of 5 %. This configuration supports
higher transversal modes, allowing spatially extended pump spots and thus high output
power [189]. A fiber-coupled diode laser emitting a maximum output power of 400 W
at 808 nm is used as a pump source. The angle of incidence is set below 30◦ to obtain
an only slightly elliptical pump spot. A charge-coupled-device-based beam-profiler and
an external high-resolution digital camera are used to control the size and shape of the
tailored pump profiles, obtained by appropriate pump optics. The output power is detected
by a power meter capable of measuring up to 200 W. The laser emission is spectrally
resolved by an optical spectrum analyzer.
6.2 Device characterization: cooling concepts and high
power operation
6.2.1 Heat spread
Efficient cooling of the device strongly relies on heat spreading, i.e., the efficient distri-
bution of heat generated in the small area excited by the pump spot. Two properties are
crucial for an optimal heat-spreader: high thermal conductivity and low surface rough-
ness, providing a smooth interface with the semiconductor device. In this subsection, two
different materials are studied to optimize the heat-spreading properties of the structure
for the pump spot width of 300 µm. Chemically-grown diamond and high-purity copper
are both obvious choices for distributing the heat due to their large thermal conductivities.
For the experiments, 5 x 5 mm 2 large diamond and copper plates are bonded to VECSEL
chips from the same wafer. The advantage of diamond is the extremely high thermal con-
ductivity of 1800 W m−1 K−1 compared to about 400 W m−1 K−1 in copper. On the other
hand, the lower cost and easier processing favor the use of copper as a heat-sink material.
To evaluate the advantages of different heat-spreaders, the thermal resistances and the
output curves of the two devices are measured. While the input / output characteristics
are easily obtained by power measurements, the study of the thermal properties in the
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Figure 6.2: (a) Schematic plots of the device reflectivity, representing the underlying di-
electric structure, material gain and laser emission. (b) Central wavelength of
the laser emission for different heat-sink temperatures. The pump power is set
slightly above threshold. (c) Relative temperature increase with respect to the
threshold for a copper and a diamond heat-spreader as function of the dissi-
pated pump power, i.e., the difference between absorbed pump and output of
the device. (d) Output power characteristic for copper- and diamond-bonded
chips.
high power regime requires a less direct approach. The spectral position of the emission
during laser operation provides a convenient access to the temperature increase across the
active area. Generally, the laser spectrum is determined by the optical modes of the sur-
rounding dielectric environment [16, 197]. Figure 6.2 (a) schematically shows the cavity
mode-structure, represented by the reflectivity spectrum. A broad stop-band around the
lasing wavelength and some smaller features on the sides are due to the DBR. The dip
in the middle of the stop-band is the so-called sub-cavity resonance, a Fabry-Perot mode
resulting from multiple reflections between the chip-to-air surface and the DBR. The spec-
tral position of the sub-cavity resonance in the investigated device is λsc = 1032 nm at the
temperature of 20 ◦C. The laser emission is determined by the overlap between the broad
gain spectrum of the active material and the narrow sub-cavity resonance.
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The absolute spectral positions of the material gain and the dielectric-structure are both
temperature-dependent, shifting 0.4 nm K−1 and 0.1 nm K−1, respectively. The VECSEL
is designed with an initial detuning between the gain maximum at threshold and the sub-
cavity mode. As the pump power is increased, the gain shifts faster with temperature
and reaches an optimal overlap with the sub-cavity mode in the high power regime. The
detuning thus strongly affects the lasing threshold, the maximum power, and the relative
slope efficiency. The central wavelength of the laser emission is plotted in Fig. 6.2 (b)
as function of the heat-sink temperature. The pump power is set at about 1.3 x lasing
threshold power to avoid any additional heating. A linear increase of the wavelength
with a temperature-induced shift of δλ/δT = 0.13 nm K−1 is clearly observed. The value
in the range of 0.1 nm K−1 confirms the spectral position of the laser emission being
governed by the sub-cavity resonance. Now, the temperature increase is extracted from
the spectral shift of the laser wavelength by evaluating: T - T0 = (δλ/δT )−1 ∆λ. The
initial value T0 is the device temperature in the low pump regime, i.e., around lasing
threshold, corresponding to the heat-sink temperature of 15 ◦C.
Figure 6.2 (c) shows the relative temperature increase as function of dissipated power,
i.e., the difference between the absorbed pump power and the output. The absorbed
power is calculated by taking into account 30 % relection, obtained from the experimen-
tal data, active structure thickness of 1.7 µm, and the absorption coefficient of GaAs [36].
The VECSEL chip with copper as a heat-spreader heats up significantly faster than the
diamond-bonded device. Thermal resistance R is obtained by extracting the slope of the
plotted curves yielding Rc = 2.5 K W−1 and Rd = 1.3 K W−1 for copper and diamond heat-
spreaders, respectively. Even though diamond turns out to be clearly superior to copper,
the ratio of thermal resistances Rc/Rd = 1.9 is significantly lower than expected from the
thermal conductivity ratio of 4.5 for the two materials. The output-power characteristics
plotted in Fig. 6.2 (d) support these results. The slope efficiency is equal for the two chips,
indicating comparable loss channels in both devices. The thermal rollover, however, oc-
curs at about a factor of two higher output power in the diamond-soldered VECSEL,
confirming its superior performance as a heat-spreader.
6.2.2 Heat removal
Eventually, the heat has to be transferred into the heat-sink after it is distributed across
the large area of a heat-spreader to keep the temperature of the device below its thermal
rollover point. In a simple picture, the heat transport between two reservoirs increases
linearly with the respective temperature difference. Therefore, the most intuitive way
to enhance cooling is to increase the temperature gradient between the back-side of the
device and the heat-sink. The standard cooling scheme involves four Peltier-elements,
each capable to dissipate 50 W, transferring the heat to a water bath with T = 15 ◦C. Such
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Figure 6.3: Output power as function of net pump power for two different cooling con-
cepts: Peltier-elements (squares) and liquid nitrogen bath (circles). The heat-
sink temperatures are 15 ◦C and -25 ◦C, respectively.
Peltier-elements are easy to operate and yet still capable of removing a significant amount
of heat. However, they reach their maximum cooling power for a zero temperature dif-
ference between the heat-sink and the water bath. Thus, the cooling efficiency decreases
strongly for any heat-sink temperatures lower than 15 ◦C.
An alternative approach to overcome the restrictions of the Peltier-elements is to cool the
heat-sink directly. The requirements of reaching low temperatures and simultaneously
removing several hundreds of Watts in heat load are best met by liquid nitrogen. Hence,
a liquid nitrogen bath connected directly to the heat-sink is used, capable of dissipat-
ing more than 300 W determined by keeping the system at a stable temperature using
electrically-driven heat elements. Figure 6.3 shows the output curves of the VECSEL
device with Peltier elements and nitrogen cooling. The heat-sink temperatures are set to
15 ◦C and -25 ◦C, respectively. In case of the nitrogen cooling the active area of the sample
is kept above condensation temperature due to the dissipated heat from the pump beam.
Any further temperature decrease beyond -25 ◦C causes severe mechanical stress in the
structure due to the thermal expansion, resulting in very probable damage of the device.
A pump spot of about 780 µm width is used for the experiment. The device reaches 40 W
of output power for the Peltier-cooled heat-sink with a slope efficiency of η = 0.5 and
a threshold power of about 9 W. In case of nitrogen the thermal rollover is significantly
delayed. A maximum output power of 72 W is obtained, almost doubling the previous re-
sult. The threshold pump power and the relative slope efficiency are also increased due to
the higher initial detuning between the gain medium and the sub-cavity at lower heat-sink
temperature. The high power performance of the VECSEL is thus significantly improved
by using the nitrogen cooling concept.
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6.2.3 Power scaling
Heat management does not only rely on appropriate heat transfer solutions but also de-
pends on the heat generation. In this last subsection the performance of the VECSEL
device is studied under variations of the pump spot size, altering the density of the gen-
erated heat. Diamond heat-spreader and Peltier-cooling are used for reliable and more
comfortable handling of the device.
Figure 6.4: (a) Output density as function of the net pump density for spot sizes between
430 µm and 900 µm. Lasing threshold is marked by the arrows. Maximum
output power and slope efficiency for different spot widths are shown in (b)
and (c), respectively. Heat-sink temperature is set to 15 ◦C.
In Fig. 6.4 (a), the output density is plotted as a function of the pump density for dif-
ferent spot sizes between 430 µm and 900 µm. The data clearly shows that the thermal
roll-over occurs at much lower excitation densities for the large pump spots compared
with the small spots. The laser is thus not power-scalable under these operation condi-
tions. The maximum output power is still slightly increased for higher spot sizes, as it is
shown in Fig. 6.4 (b). However, the difference of only 13 % for the spot widths between
430 µm and 780 µm is negligible compared to the factor of three, expected from power
scaling. In addition, the slope efficiency remains constant at about 0.5, see Fig. 6.4 (c),
confirming that no additional loss channels are introduced as the spot size is increased.
Thus, it is clearly excluded that the inhomogeneity of the VECSEL chip is responsible
for the observed decrease of the device performance. The spatial homogeneity of the
device is further supported by the position-dependent measurements of the input-output
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Figure 6.5: (a) Pump density at the lasing threshold as function of the spot width. The
inset shows the absolute pump power. (b) Laser emission wavelength for dif-
ferent pump spots.
characteristics applying a small pump spot size of about 300 µm (not shown here).
For better understanding of the observed reduced power-scalability, the threshold and
emission wavelength dependence on the spot width is plotted in Fig. 6.5 (a) and (b), re-
spectively. For a scalable device, one would usually expect the absolute pump power to
increase and the pump density to remain constant as the spot size is increased. In the
data, however, only the absolute pump power increases slightly as shown in the inset of
Fig. 6.5 (a). Contrary to expectations, the power density at threshold decreases signifi-
cantly. Also, the emission wavelength at threshold remains independent from the chosen
spot width. Constant emission wavelength implies constant temperature inside the device.
Therefore, the lasing activity occurs as soon as the VECSEL reaches a certain tempera-
ture, i.e., at a specific spectral position of the gain and the sub-cavity mode.
Generally, the pump power at the lasing threshold is determined by the light amplification
matching the cavity losses. In a VECSEL structure this is influenced not only by the
magnitude of the material gain but also by the overlap with the sub-cavity mode. As
mentioned above, the device is intentionally designed for operating in high power regime
at increased temperatures. However, if the pump density and the temperature are low, the
initial detuning between the gain and the cavity resonance leads only to a small overlap.
On the other hand, a temperature increase inside the active structure lowers the detuning.
Thus, a sufficient match of the gain spectrum and the sub-cavity mode occurs at a smaller
pump density. Therefore, the experimental findings strongly indicate that a decrease in the
pump density at threshold for large pump spots is due to the less effective heat removal,
leading to temperature increase in the active area. The latter also leads to the thermal
rollover at lower pump densities.
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Figure 6.6: Thermal insulance, calculated by multiplying the thermal resistance with the
active area, as function of the spot width.
To confirm the interpretation, the thermal properties of the VECSEL are studied as func-
tion of the spot size, similar to the analysis in the previous subsection 6.2.1. To compare
the heat transfer through different areas, the so-called thermal insulance is investigated.
The quantity is calculated by multiplying the thermal resistance with the pumped area
and thus depends only on thermal properties of the VECSEL chip itself. Figure 6.6 shows
the thermal insulance as function of different spot sizes. An increase by about a factor of
five is found as the pump spot is increased from 430 µm to 900 µm in diameter. The effi-
ciency of the heat transfer from the active area is thus significantly lower for large pump
spots. To understand the decrease of cooling efficiency, spatially resolved temperature
measurements are proposed.
6.3 Study of spatial temperature distribution via PL
spectroscopy
To determine the temperature in the active area of the device, the spectrally and spa-
tially resolved PL signal is measured. The experimental setup is shown schematically
in Fig. 6.7. The PL emission from the active area is collected by a large aperture lens
in a 4f-geometry. A single-mode fiber of about 10 µm core diameter mounted on a two-
dimensional translation stage is used to scan the image plane. The emission signal is
detected by an optical spectrum analyzer with a spectral resolution of 0.3 nm, thus pro-
viding a resolution of 3 K for the temperature estimation. For the calibration of the setup,
the PL is measured as function of the spatial position on the chip at low power densities
below the lasing threshold for a constant heat sink temperature. As previously discussed
in section 2.2.3, the spectrum of the QW luminescence is determined by the optical modes
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Figure 6.7: Experimental setup for the spatially resolved temperature measurement in the
active area of the VECSEL device
of its surrounding dielectric structure, i.e., the sub-cavity resonance, in analogy to the laser
emission, c.f. section 6.2.1. A typical temperature-induced shift of the PL maximum EPL
of about 0.1 nm/K [17, 185, 198] is measured as function of the heat sink temperature for
an excitation intensity below lasing threshold. Thus, the lattice temperature is extracted
from the spectral shift of the PL signal. The spatially resolved measurements of the tem-
perature in the active region are then performed during the VECSEL operation, using the
same optics as in the calibration measurement. An exemplary PL spectrum is shown in
Fig. 6.8.
To investigate the lack of power scalability at well-defined experimental conditions, the
role of the shape of the pump profile on the output characteristics is studied first. Different
pump profiles are chosen at constant excitation power in the intermediate pump regime.
The temperatures in the active region are shown in Fig. 6.9 as function of a lateral space
coordinate for a super-Gaussian, the so-called "flat-top" (a), and a nearly Gaussian (b)
pump spot profile, respectively. The pump profiles are represented by the grey areas. The
corresponding fit curves by a super-Gaussian function Ipump(x) ∝ exp(-xp) are shown by
the solid lines. The values p obtained from the fit are 5 and 2 for the spots (a) and (b),
respectively. The super-Gaussian pump profile yields 22 W output power and exhibits a
relatively narrow temperature distribution. In comparison, the Gaussian profile provides
only 4.2 W of the laser emission for the same pump intensity. Also, the temperature on the
flank of the pump spot is much higher than for the super-Gaussian distribution. The addi-
tional heat is generated mostly in the weakly pumped area far from the center where the
system does not reach the lasing threshold. The super-Gaussian profile provides a nearly
homogeneous distribution of the incident pump light and is clearly superior in compari-
son to the Gaussian spot. Aside from the operation directly at the lasing threshold, this
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Figure 6.8: Exemplary PL spectrum measured during operation of the VECSEL above
the lasing threshold.
conclusion is valid for all pump density regimes. Figure 6.9 (c) shows the output char-
acteristic for the Gaussian and super-Gaussian pump profiles. Increased efficiency and
significantly higher maximum output power are obtained for the super-Gaussian pump
distribution.
Now, the thermal behavior of the VECSEL is studied for different pump spot sizes us-
ing the optimal spot profile. Figure 6.10 shows the temperature distribution in the lasing
region at intermediate and high pump densities, the latter being just below the thermal
roll-over of the laser. The corresponding pump spots of 430 µm and 780 µm FWHM are
indicated by the grey areas in Fig. 6.10 (a) and (c), respectively. For both spot sizes, a tem-
perature rise in the active region is observed as the pump density is increased. Whereas
the temperature distribution is rather flat for the smaller spot, it is more peaked at the
center of the larger pumped area.
These observations clearly show that the heat generated in the active area is not only
transferred towards the heat sink, but also in the lateral directions, parallel to the surface.
The center of the active region heats up first due to the less efficient heat removal in
comparison to the borders of the active region. Interestingly, the laser roll-over occurs
as soon as the temperature of (87±2) ◦C is reached in the center of the respective lasing
region, independent of the spot size. For large pump spots, the three-dimensional heat
transfer is strongly suppressed, leading to the thermal roll-over already at relatively low
pump densities, c.f. Fig. 6.4. Thermal lensing effects from the thermal expansion of
the chip surface and refractive index change in the active structure are negligible. The
heating of the central region leads to a surface curvature of about 12 m radius which is
insignificant compared to 10 cm radius of curvature of the cavity mirror. Additionally,
the thermally induced change of the refractive index produces a weak focusing lens. The
resulting refractive power of the laser cavity changes only slightly. Carefully choosing
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Figure 6.9: Temperature distribution in the active region of the VECSEL chip for a
super-Gaussian (a) and a Gaussian (b) pump spots. Corresponding profiles are
shown by the grey areas. The solid lines represent super-Gaussian fits with
Ipump(x) ∝ exp(-xp). The FWHM of the pumped area is 430 µm and the net
pump power is set to 60 W. (c) Input-output characteristics of the laser for the
super-Gaussian and Gaussian profiles.
the cavity length to 50 % of the curvature radius of the output coupler, the effect of the
thermal lens on the laser cavity is minimized. Thus, the laser operation is not affected.
To support the interpretation, a numerical model is used to analyze the heat flow in the
VECSEL structure. The simulations are performed by Dr. Maik Scheller in the group of
Prof. Martin Koch at the Phillips-Universität Marburg. In this model, a 3 mm thick cop-
per heat sink is assumed with constant temperature at the lower boundary controlled by
the thermal electro cooling. The copper is connected by a 1 µm layer of thermal grease to
the diamond heat spreader. Between the diamond and the semiconductor device, a 2.5 µm
indium sheet is placed, taking into account the bonding process. Since the experiments
are performed with nearly circular pump spots, a two-dimensional axial symmetry around
the z axis is assumed. Furthermore, the simulations are based on the experimentally mea-
sured pump profiles. A commercial finite element solver, COMSOL, is used to perform
the simulations. The results are shown in Fig. 6.10 (b) and (d). The temperature within
the center of the pump spot rises nonlinearly with increasing pump area meaning that the
same peak value in for the 780 µm spot is reached already at a lower pump density. There-
fore, in the case of larger pump areas the temperature contrast between spot center and
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Figure 6.10: Temperature distribution in the active region for the pump spots with the
FWHM of 430 µm (a) and 780 µm (c) at intermediate (full circles) and high
(empty circles) pump densities; corresponding simulation results are plotted
in (b) and (d), respectively. The numbers give the respective temperature
drop across the FWHM of the pump profiles, shown as grey-shaded areas.
perimeter is higher. Altogether, an excellent agreement is obtained between the numerical
simulation and the experiment.
In summary, thermal properties of a high-power 1040 nm VECSEL are studied experi-
mentally investigating the generation, the distribution and the removal of excess heat. To
optimize the heat-spreading in the device the behavior of a CVD diamond is compared to
a copper plate, each soldered to a VECSEL chip. The diamond-bonded device turns out
to be superior displaying an up to a factor of two higher output power and substantially
lower thermal resistance. Additionally, the heat removal is addressed by applying liquid
nitrogen cooling instead of the standard Peltier-cooling scheme. This alternative concept
provides a large temperature gradient between the heat-sink and the heat-spreader leading
to a significant increase of the laser output to more than 70 W of maximum power. In
addition, the performance of a 1040 nm VECSEL is studied for various spatial profiles
of the optical pump distribution via spatially resolved PL measurements. Input-output
characteristics are monitored under simultaneous temperature tracking by measuring the
spatially-resolved PL from the active region. The results clearly show that not only that
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the shape of the pump spot strongly influences the laser output but also that larger pump
areas do not lead to the expected increase of the maximum power. As a consequence, the
device is not power-scalable for pump spot sizes between 430 µm and 780 µm FWHM.
Lateral heat flow is identified to be responsible for the observed behavior. The flow is
strongly suppressed at high pump densities and large spot areas and leads to intrinsic
limitations of the VECSEL performance.
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7 Summary and conclusions
This last chapter gives a brief summary of the experimental findings and the resulting
conclusions. In chapter 4, the influence of the carrier-carrier Coulomb scattering on the
interaction between electrons and lattice-vibrations is studied. In the first part, an unam-
biguous experimental evidence for phonon-assisted plasma emission is presented, clearly
confirming the predictions of the many-body theory. Characteristic signatures of exciton
and plasma luminescence, supported by the quantitative analysis of the PL dynamics, are
observed. As a main result, the emission at the excitonic PSB resonances can definitely
not be considered as an evidence of the exciton population. The PL from electron-hole
plasma can, indeed, strongly contribute or even dominate the PSBs. Both exciton- and
plasma-dominated regimes are accessible by the specific choice of the excitation condi-
tions.
In the second part of chapter 4, exciton-phonon interaction mechanisms in polar semi-
conductors CdS, CdSe, and ZnO are studied. The experimental results are compared to
the calculations via microscopic many-body approach to identify the dominant scatter-
ing processes. Fröhlich coupling is found to govern the exciton-phonon interaction in
CdS while deformation potential scattering turned out to be the dominant mechanism
in ZnO, with both processes contributing about equally in ZnS. Particularly for ZnO,
Fröhlich contributions are suppressed by the strong Coulomb-coupling of electrons and
holes in excitons rendering deformation potential scattering the overall dominant mech-
anism responsible for the sideband emission. This result holds, even if the scattering
between single electrons and optical phonons are dominated by the Fröhlich interaction
in all studied cases due to the strong polarity of the respective materials. The conducted
studies clearly show that Coulomb scattering strongly influences the interaction between
charge carriers and lattice vibrations in a semiconductor as well as the resulting optical
response. The obtained results, published in [199, 200], expand the traditional picture of
the phonon-assisted emission, providing additional insight in the interpretation of the PSB
spectroscopy.
The experiments discussed in chapter 5 are focused on the study of carrier dynamics in
ZnO/(ZnMg)O heterostructures, (GaAs)Bi QWs, as well as the GaN quantum QWires.
In case of the ZnO/(ZnMg)O, carrier localization is found to play a major role for the
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optical response of the (ZnMg)O layers as well as of the ZnO QWs. However, despite
possible carrier trapping in the (ZnMg)O barriers, carrier relaxation into the ZnO QW
occured on an ultra-fast time-scale below 3 ps. This result is obtained by exploiting the
build-up of screening of the internal electric fields for direct observation of carrier pop-
ulation inside the QW. Hence, carrier capture into the QW occurs on the same or even
faster time-scale than the carrier-trapping processes within the barriers. In addition, the
experimental study of recombination processes strongly indicates that radiative recom-
bination dominates the PL dynamics at low temperatures in the homoepitaxially grown
ZnO/(Zn0.9Mg0.1)O QW samples without the QCSE as well as in the ZnO/(Zn0.8Mg0.2)O
QW samples with strong QCSE contributions. The overall results are rather encouraging
regarding possible applications of the material. On the one hand, fast carrier capture into
the QW combined with a potentially high quantum efficiency should be advantageous for
the ZnO QW-based edge-emitters or surface-emitting lasers. On the other hand, carrier
localization is favourable when LED applications are considered. Hence, even if there is
still room for the optimization of the material quality as well as a need for p-doped ZnO
samples, the ZnO/(ZnMg)O system appears highly capable for light-emitting applications
in the UV spectral range. The envisioned subsequent studies are the non-linear absorption
and gain measurements as well as the development of the optically pumped laser on the
ZnO QW-basis, circumventing the issue of the p-doping. Part of this work is published
in [135, 201].
In the second part of chapter 5, carrier localization dynamics in a Ga(AsBi) epitaxial
layer are experimentally studied. Typical disorder-induced effects appeared in the TRPL
and are attributed to the interplay between relaxation- and recombination-dominated pro-
cesses. The experimetal investigations are supported the kinetic Monte-Carlo simulations
applying the two-scale approach taking into account alloy disorder as well as the Bi clus-
ters. The comparison of the measured data with the simulations provided a complete set of
the individual disorder parameters. Faster carrier hopping among localized sites with fluc-
tuating alloy compositions is found, compared to a much slower carrier diffusion between
the formation of Bi clusters. In addition, carrier capture into the cluster states occures on
an ultra-fast time-scale of about 5 ps. The overall results show that the two-scale disorder
should always be taken into account when optical response of Ga(AsBi) is considered, at
least at the current stage of the material development. In the near future, depending on the
optimized growth as well as on the successfull doping of (GaAs)Bi layers, the material
system will have to prove its potential for NIR laser applications. Part of this work is
published in [202, 203, 204].
In the third part of chapter 5, the PL emission from the quasi-1D GaN QWires is clearly
identified and the evidence of a significant confinement effect is found. The estimated
QWires diameters of several nm, smaller than the excitonic Bohr radius of GaN, are in a
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good agreement to TEM data. Also, the optical response of the QWires does not show any
indications of the internal electric fields perpendicular to the length of the QWires. The
light-matter coupling in the GaN QWires is thus not inhibited by the charge separation
effects. A further advantage is the comparably high stability of the overall PL intensity
as well as the carrier lifetimes as function of the lattice temperature. Since the material
system is still in development and the growth parameters are to be optimized, further stud-
ies of the structural as well as the optical properties should follow. However, this seems
a rather encouraging task, since the QWires appear to be a promising playground for the
basic research of quasi-1D semiconductors, offering various intriguing applications based
on the well-developed, mature GaN technology.
In chapter 6, the thermal properties of a high-power NIR VECSEL are studied experi-
mentally investigating the generation, the distribution and the removal of heat. The de-
veloped cooling concept provides a significant increase of the laser output to more than
70 W of maximum power from a single semiconductor chip. In addition, the input-output
characteristics are monitored under simultaneous temperature tracking by measuring the
spatially-resolved PL from the active region. The results clearly show that not only the
shape of the pump spot strongly influenced the laser output but also that larger pump
areas did not lead to the expected increase of the maximum power. As a consequence,
the device is found to be not power-scalable for pump spot sizes larger than 400 µm full-
width-at-half-maximum (FWHM). Lateral heat flow is identified to be responsible for the
observed behavior. The flow is strongly suppressed at high pump densities and large spot
areas, leading to intrinsic limitations for the maximal output power of the VECSEL. Thus,
additional sofisticated cooling concepts should be applied to enable even more efficient
performance of the device. Still, in the present configuration, the VECSEL appears to be
an excellent choice for frequency mixing and high-power applications. Part of this work
is published in [205, 206, 196].
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1 Photon density calculator
Mathematica 6.0 script for the calculation of the photon densities during the excitation
pulse at the sample surface. Main input parameters are the central wavelength as well as
the time-averaged power of the incident laser, pump spot size, magnification of the image
and the spectrometer entrance slit-width. The script calculates two-dimensional power
density distribution and averages over the range of interest, defined by the imaging pa-
rameters.
nm = 10−9;µm = 10−6;MHz = 106;mW = 10−3; cm = 10−2; eV = 1.602∗10−19;
fs = 10−15;ps = 10−12;ns = 10−9;kHz = 103;
(* SI units *)
Rep = 80MHz;(* repetition rate *)
tpulse = 100fs; (* pulse length *)
λ = 290nm;(*wavelength*)
FWHMspot = 30µm;(* pump spot *)
dslit = 40µm;(* slit width spectrometer *)
Pcw = 0.001mW;(*time− integratedpower*)
T = 0.7; (* sample surface transmission *)
hν = 1240nmλ eV
(* photon energy *)
Npulse = N
[
T ∗Pcw ∗ 1Rep∗hν
]
; (* pulse photon number *)
reff = dslit ∗ 12 ∗
1
2 ; (* effective detection width *);
2pi∗
∫ +∞
0
(
e
−2 r2
( FWHMspot/1.18)2 ∗ r
)
dr;
Int[r_] = e
−2 r2
( FWHMspot/1.18)2 ∗ Npulse
2pi∗
∫ +∞
0
e−2 r2( FWHMspot/1.18)2 ∗r
dr ;
(*photonnumber[r]normalized*)
stepFktA[x_]:=If [x ≥ reff,0,1] ;
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stepFktB[x_]:=If [x ≥−reff,1,0] ;
Aeff =
∫ reff
0 Int[r]∗2pi∗ rdr;
App[r_] =
(
1
2pi∗
∫ +∞
0 stepFktA[r]∗stepFktB[r]∗rdr
)
∗ stepFktA[r]∗
stepFktB[r]∗Aeff;
(*averagepumppowerofApp =
avg.powerofIntwithindet .spot*)
Plot
[{
Int[r ∗µm]∗ cm2,App[r ∗µm]∗ cm2
}
,{r,−100,100},
PlotRange →{0,All},
AxesLabel →
{
"radius/um","photon density / cm−2"
}]
Print
[
"pcw = ",N
[
hν∗Rep∗1/T ∗App[0]∗ cm2
]
," W/cm2"
]
;
Print
[
"ppulse = ",N
[
T ∗ hνtpulse ∗App[0]∗ cm
2
]
," W/cm2"
]
;
Print
[
"Npulsecompl = ",N
[
Npulse
]]
;
Print
[
"Epulsecompl = ",N
[
Npulse ∗hν
]
," J"
]
;
Print
[
"epulse
det
= ",N
[
App[0]∗hν∗ cm2
]
," J/cm2"
]
;
Print
[
"(n2D)photons = ",
(
n2D
)
photons = N
[
App[0]∗ cm2
]
," 1/cm2"
]
;
L = 300nm(* sample thickness *);
α = 1∗104cm−1(*absorption*);
Print
[
"(n3D)avg = ",N
[(
n2D
)
photons ∗
(
1− e−α∗L
)
∗ cmL
]
," 1/cm3"
]
;
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2 Decay-time extraction algorithm
Mathematica 6.0 script for the extraction of long, i.e., > 5 ns, PL decay times from the
intensity ratios between the "back-sweep" and PL peak short after the excitation. The
input parameters are repetition rate of the pump laser as well as the rise- and the decay-
time of the PL signal. The script simulates an exponentially decaying PL signal measured
by the streak-camera in "synchro-scan" mode for the given parameters and calculates the
"back-sweep"-to-PL-maximum ratio. The decay time is then adjusted to the experimen-
tally measured value.
t0 = 0.5; (* t-offset *)
NPump = 4.5∗1012; (* pump density *)
stufenFktA[x_]:=If[x ≥ 0,1,0];
stufenFktB[x_]:=If[x ≥ 0,0,1];
rep = 12.6;
Ninit = NPump ∗0; (*initialfastnonrad.recombiningcarriers*)
τfd = 0.04; (* fast initial decay time *)
τd = 5.0; (* decay time in ns *)
τR = 0.005; (* rise-time *)
N0 = 0; (*residualcarrierdensityatt = 0*)
N02 = 0;
For[i = 0, i < 1000, i++, (* calculating N0 *)
N0 = N02;
InoBS[t_] = N0 ∗ 1τd ∗ stufenFktB[t]+
stufenFktA[t]∗
(((
1− e
(−t)
τR
)
∗NPump +N0
)
∗ 1τd ∗ e
(−t)
τd +
(
1− e
(−t)
τR
)
∗Ninit ∗ 1τfd ∗ e
(−t)
τfd
)
;
N02 = InoBS[rep]∗ τd
]; (*InoBS : realPLintensitywithoutback− sweep,
onlyintrinsicsaturationeffectatt < 0*)
IBS[t_] = InoBS[3.15]∗ e
(−(3.15−t))
τd ; (* only backsweep *)
Ifull[t_] = IBS[t]+ InoBS[t]; (* measured PL *)
Ifull[0− t0]/Ifull[0.6− t0]
Plot[{Ifull[t− t0]/Ifull[1.5− t0]},{t,0,2},PlotRange →{0.0,All},
AxesLabel →
{
"Zeit / ns","Ladungsträger-2D Dichte / cm2"
}]
Clearall;
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nachten mehrmals im Jahr stattfinden zu lassen
• Rüdiger Rink für jegliche Hilfe mit eigenwilligen Geräten und für die Fähigkeit aus
jedem Entwurf zu entlocken, was man wirklich will aber es noch nicht weiß
• Anne Ehlers und Annegret Webel für ihre Arbeit, gezieltes und hilfreiches Nach-
fragen und auch für ihr Verständnis
• Allen Kollegen und Kollaborateuren (ich weiß, das Wort ist etwas eingefärbt...),
ohne die viele der Arbeiten niemals entstanden wären, für die interessanten Diskus-
sionen und für ihre Geduld den Ausblick "über den Tellerrand" leichter und an-
genehmer zu gestalten
• Meinen Freunden und meiner WG für die Unterstützung und Ablenkung sowie das
gelungene Vortäuschen der Interesse für meine Arbeit im speziellen und für die
Physik im allgemeinen.
Besonders möchte ich meinen Eltern danken, die in allen Lebenslagen immer hinter mir
standen und mir das alles selbstlos ermöglicht haben. Bolschoje vam Spasibo, Aljoscha.
